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Abstract 
 
The processing and properties of the ferroelectric copolymer P(VDF/TrFE) was 
investigated in this work, and is divided into two main parts. The first part focused on 
different processing routes, and the second part focused on the switching dynamics 
mechanisms P(VDF/TrFE). 
The processing focused on the characterization and ferroelectric properties of the 
extruded films from melt. The extruded films were moderately cooled and collected in 
air or fast cooled and collected in liquid nitrogen fume to study the effect of  cooling 
rate. The extruded film collected in both ways were then hot-compressed at different 
temperatures ranging from 80℃ to 140℃ to control their thickness and study the effect 
of the quick heat treatment under pressure. All the extruded films collected in air and 
liquid nitrogen fume with or without hot-compression were characterized by XRD, 2-D 
XRD, SEM and DSC. X-ray Diffraction (XRD) showed that the extruded films 
collected in both ways had good crystallinity of the ferroelectric phase and a preferred 
orientation of (200)/(110). This preferred orientation and high crystallinity remained 
when the extruded films were hot-compressed between 80℃ to 120℃. 2-D XRD ring 
patterns showed that the preferred orientation (200)/(110) of extruded films 
hot-compressed at 120℃ increased compared to that of the extruded films without 
hot-compression. Differential Scanning Calorimetry (DSC) results showed the Curie 
point at 135℃ and a melting point at 148℃, which were consistent with the results of 
the high temperature XRD. The Scanning Electron Microscopy (SEM) images of 
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extruded films showed close packed banded structures. The ferroelectric properties were 
investigated using the polarization hysteresis loop measurements. The best ferroelectric 
properties were achieved for the extruded film collected in air and hot-compressed at 
140℃, and. a maximum remnant polarization of 0.09C/m2 was obtained.  
The study of the ferroelectric switching mechanisms focused on modelling 
switching under continuously changing and constant electric fields. A model for 
P(VDF/TrFE) was developed based on the application of rate theory for a continuously 
changing electric field at different loading rates. Ferroelectric switching of P(VDF/TrFE) 
under the continuously changing electric field was dominated by the 180˚ domain 
switching. The activation volume measured between 5 to 20Hz (4.3±0.8nm
3
) was 
estimated to be about four times greater than that measured between 20 to 100Hz 
(1.1±0.1nm
3
). The creep mechanism under constant electric fields showed that the 
decay of the rate of change of the ferroelectric polarization in P(VDF/TrFE) was 
dominated by  hardening between 16 to 64kV/mm. The decay of the rate of change of 
the polarization was controlled by a mixture of hardening and exhaustion mechanisms 
between 80to 112kV/mm. The internal fields estimated from the partial unloading test 
showed a linear relationship with the polarization states. 
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Chapter 1 Introduction 
 
Ferroelectric materials have a range of application such as the solid state memory
[1]
, 
sensors and actuators
[2]
 and tunable multi-channel filters
[3]
 to name a few. Among them, 
the ferroelectric organic polymers PVDF and its copolymer P(VDF/TrFE) have their 
advantages over ferroelectric ceramics because of their flexibility, ease of processing 
and the fact that they are lead free. They are suitable for the infrared detector
[4]
, 
transducers for ultrasonic imaging
[5, 6]
 and force sensors
[7]
. They can also be produced in 
the form of membranes by electrospinning for filtration
[8]
 or as polymeric electrolytes in 
lithium cells
[9, 10]
. These membranes are also promising materials for the medical and 
tissue engineering, such as the tactile sensors for pulse measurement
[11]
, membranes for 
inducing cell elongation
[12]
 and sensors for protein detection
[13]
. A large electrocaloric 
effect was found for P(VDF/TrFE) in 2008
[14]
, and are therefore promising materials for 
cooling devices. 
The PVDF and P(VDF/TrFE) consist of hydrogen atoms and fluorine atoms on 
each side of a long carbon skeletal chains. The hydrogen atoms and the fluorine atoms 
pair up as the dipoles. In this case, the PVDF and P(VDF/TrFE) have the 
non-centro-symmetric structures. These aligned dipoles form ferroelectric domains 
which produced a net ferroelectric polarization. However, the mechanism of the 
ferroelectric switching behaviour of the domains and what types of the domains are 
involved in the switching are still open questions. Previous research showed that there 
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are 180° domains and the possibility of non-180° domains in PVDF and 
P(VDF/TrFE)
[15-17]
. The mechanism was considered as kink propagation along the 
carbon molecular chains in the ferroelectric β phase of PVDF or the ferroelectric 
low-temperature (LT) phase of the P(VDF/TrFE) in the computing simulations
[18, 19]
. A 
kink is a pair of the gauche dipoles in the all-trans (TT) conformation of the 
ferroelectric phase. The fluorine atoms in the gauche dipoles are 60° from each other as 
in the α phase. Although most computing simulations have focused on the 180° domains, 
evidence of 60° domains, which may generate twin domain boundaries, was found in 
infrared and XRD experimental results
[16, 20]
. The work reported in this thesis is focused 
on the domain types and the switching mechanisms of P(VDF/TrFE) under different 
electric field loading rates and static fields.  
Another focus of the work is to produce ferroelectric polymer films with preferred 
orientation to improve their ferroelectric properties
[21]
, for instance, to increase the 
remnant polarization of the P(VDF/TrFE). Previous work on the processing of 
ferroelectric polymers includes solid-state-drawing
[22]
, Langmuir-Blodgett dipping
[23]
, 
deposition from cast solution
[24, 25]
, extrusion from solid
[26]
. However, any preferred 
orientation of films prepared by extrusion from the melt was not discussed. In this work, 
a range of characterization which includes XRD, 2-D XRD, SEM and DSC were 
performed on the extruded films to study the influence of processing conditions on 
microstructure and preferred orientation, and how this influenced their dielectric and 
ferroelectric properties.  
The work in this thesis includes a literature review on the processing of 
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ferroelectric polymers and the theory of ferroelectric switching (Chapter 2). Chapter 3 
describes the experimental details. Chapter 4 and Chapter 5 focus on the 
characterization and the ferroelectric performance of the extruded films with a preferred 
orientation. Chapters 6 and 7 focus on the switching mechanism of the P(VDF/TrFE) 
under different electric field loading rates and static electric fields respectively. The 
analysis of the kinetics of the ferroelectric switching at different electric field loading 
rates is based on the application of rate theory
 [27]
. Lastly, a summary of the work and 
suggestions for future work are presented in Chapter 8. 
 
Reference 
[1]R. Guo, et al.Non-volatile memory based on the ferroelectric photovoltaic effect.Nat 
Commun.4.(2013) 
[2]P. Muralt.Ferroelectric thin films for micro-sensors and actuators: a review.Journal 
of Micromechanics and Microengineering.10.2: 136(2000) 
[3]X. Hu, et al.Tunable multichannel filter in nonlinear ferroelectric photonic 
crystal.Optics Communications.253.1–3: 138-144(2005) 
[4]B. Stadlober, et al.Transparent pyroelectric sensors and organic field-effect 
transistors with fluorinated polymers: steps towards organic infrared 
detectors.Dielectrics and Electrical Insulation, IEEE Transactions on.13.5: 
1087-1092(2006) 
[5]S. Takahashi and H. Ohigashi.Ultrasonic imaging using air-coupled P(VDF/TrFE) 
transducers at 2 MHz.Ultrasonics.49.4-5: 495-8(2009) 
32 
 
[6]J. S. Jeong and K. Kirk Shung.Improved fabrication of focused single element 
P(VDF–TrFE) transducer for high frequency ultrasound applications.Ultrasonics.53.2: 
455-458(2013) 
[7]Y. R. Wang, et al.A flexible piezoelectric force sensor based on PVDF fabrics.Smart 
Materials and Structures.20.4: 045009(2011) 
[8]R. Gopal, et al.Electrospun nanofibrous filtration membrane.Journal of Membrane 
Science.281.1–2: 581-586(2006) 
[9]G.-d. Kang and Y.-m. Cao.Application and modification of poly(vinylidene fluoride) 
(PVDF) membranes – A review.Journal of Membrane Science.463.145-165(2014) 
[10]S. W. Choi, et al.Characterization of Electrospun PVdF Fiber-Based Polymer 
Electrolytes.Chemistry of Materials.19.1: 104-115(2007) 
[11]H.-J. Tseng, et al.P(VDF-TrFE) Polymer-Based Thin Films Deposited on Stainless 
Steel Substrates Treated Using Water Dissociation for Flexible Tactile Sensor 
Development.Sensors.13.11: 14777(2013) 
[12]J. Nunes-Pereira, et al.Poly(vinylidene fluoride) and copolymers as porous 
membranes for tissue engineering applications.Polymer Testing.44.234-241(2015) 
[13]E. Cho, et al.Fabrication of electrospun PVDF nanofiber membrane for Western 
blot with high sensitivity.Journal of Membrane Science.389.349-354(2012) 
[14]B. Neese, et al.Large Electrocaloric Effect in Ferroelectric Polymers Near Room 
Temperature.Science.321.5890: 821-823(2008) 
[15]H. Dvey-Aharon, et al.Kink propagation as a model for poling in poly(vinylidene 
fluoride).Physical Review B.21.8: 3700-3707(1980) 
33 
 
[16]N. Takahashi.X-ray study of a ferroelectric twin in poly(vinylidene fluoride).Appl. 
Phys. Lett.51.13: 970-972(1987) 
[17]G. E. Ch. Ludwig, B. Gompf, J. Petersen, and W. Eisenmenger.Thermal motion of 
one-dimensional domain walls in monolayers of a polar polymer observed by 
Video-STM Ann. Physik.2.323-329(1993) 
[18]H. Su, et al.Density functional theory and molecular dynamics studies of the 
energetics and kinetics of electroactive polymers: PVDF and P(VDF-TrFE).Physical 
Review B.70.6: 614101(2004) 
[19]D. H. R. a. J. Mazur.Modelling of chain twist boundaries in poly(vinylidene fluoride) 
as a mechanism for ferroelectric polarization.POLYMER.26.821-826(1985) 
[20]D. N. a. D. Y. Yeen.Orientation of crystalline dipoles in poly(vinylidene fluoride) 
films under electric field.Appl. Phys. Lett.33.2: 132-134(1978) 
[21]R. G. K. a. R.A.Anderson.Ferroelectric polymers.Advances in Physics.41.1: 
1-57(1992) 
[22]K. Nakamura, et al.Development of oriented structure and properties on drawing of 
poly(vinylidene fluoride) by solid-state coextrusion.Journal of Polymer Science Part B: 
Polymer Physics.39.12: 1371-1380(2001) 
[23]S. Chen, et al.Self-polarized ferroelectric PVDF homopolymer ultra-thin films 
derived from Langmuir–Blodgett deposition.Polymer.53.6: 1404-1408(2012) 
[24]X.-Z. Chen, et al.Nano-Imprinted Ferroelectric Polymer Nanodot Arrays for High 
Density Data Storage.Advanced Functional Materials.23.24: 3124–3129 (2013) 
[25]X. Li, et al.P(VDF-TrFE) ferroelectric nanotube array for high energy density 
34 
 
capacitor applications.Physical Chemistry Chemical Physics.15.2: 515(2013) 
[26]A. Ferreira, et al.Extrusion of poly(vinylidene fluoride) filaments: effect of the 
processing conditions and conductive inner core on the electroactive phase content and 
mechanical properties.Journal of Polymer Research.18.6: 1653-1658(2011) 
[27]K.B.Chong, et al.Thermal activation of ferroelectric switching.Journal of Applied 
Physics.103.014101(2008) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
35 
 
Chapter 2 Literature Review 
 
Poly(vinylidene fluoride) [PVDF] and its copolymer poly(vinylidene and 
trifluoroethylene) [P(VDF/TrFE)] are ferroelectric polymers which have been studied 
for almost 30 years
[1, 2]
. They both have non-centro-symmetric crystal structures and 
long carbon chains. They also both have dipoles consisting of pairs of hydrogen and 
fluorine atoms on each side of the carbon chains, which are the source of their dipole 
moments. The pairs of the hydrogen and the fluorine atoms connect alternatively to the 
carbon atoms in the carbon chains in the pure PVDF. The copolymer P(VDF/TrFE) is 
obtained by doping TrFE randomly into pure PVDF, namely some of the hydrogen 
atoms are randomly replaced by the fluorine atoms. This results in the appearance of a 
Curie point for ferroelectric-paraelectric phase transition in the P(VDF/TrFE) which is 
not shown in the pure PVDF. This could be due to the energy required for phase 
transition in the P(VDF/TrFE) is much lower than that in the PVDF
[3]
. The Curie point 
and the melting point in the P(VDF/TrFE) are determined by the different ratios 
between the VDF and the TrFE (Figure 2. 1). The Curie point decreases with the 
decreasing ratio of the VDF between 50% and 80% in the P(VDF/TrFE), between 
around 70℃ and 130℃ respectively. The melting point of the P(VDF/TrFE) reaches its 
minimum when the ratio of between VDF and TrFE is about 70:30, and it increases with 
the increasing ratio of either VDF or TrFE in the P(VDF/TrFE) respectively. 
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Figure 2. 1 Phase diagram for a VDF/TrFE copolymer (○:melting point;●:crystallization point, 
Δ:Curie point on heating; ▲:Curie point on cooling; □:ferroelectric-to-anti-ferroelectric transition 
point). The Tm refers to melting temperature and Tc refers to Curie point where the copolymer 
transfers from ferroelectric phase to paraelectric phase. 
[1]
 
 
2.1 Structures and characterization of pure PVDF 
2.1.1 Structures of pure PVDF 
There are four common phases with three carbon molecular chain conformations of 
pure PVDF
[2]. These phases were described as the α, αp, β and γ phases. These three 
typical conformations will be explained in more details shortly and are plotted in Figure 
2. 2.  The αp phase has the same conformation in a single chain as that in the α phase. 
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The difference between the α and αp phases will be discussed in detail in Section 2.1.1.1 
on the α phase.  
  
 
Figure 2. 2  Three phases of pure PVDF: (a) trans-gauche (TG
+
TG
-
) conformation in the α phase; 
(b) all-trans (TT) conformation in the β phase; (c) TTTG
+
TTTG
-
 (T3G
+
T3G
-
) conformation in the γ 
phase. 
[2] 
 
2.1.1.1 The α phase (II phase) 
The α phase is the most common and easiest to obtain phase when pure PVDF is 
cooled from the melt. It is also the thermodynamically most stable phase. The structure 
of a single carbon molecular chain in the α phase has a trans-gauche (TG+TG-) 
conformation where the dipoles rotate 60° away from each other as is illustrated in 
Figure 2. 3. This rotation may be caused by the repulsion from the neighbouring fluorine 
atoms in the carbon molecular chains
[2]. The α phase is an anti-ferroelectric phase 
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because every neighbouring carbon molecular chain is parallel and in the opposite 
direction to the chains next to it. This cancels the dipole moments in the two 
neighbouring carbon chains as Figure 2. 4(left) shows, and the net polarization equals 
zero. 
 
 
Figure 2. 3 The rotation of 60˚ between then neighbouring fluorine atoms along the same carbon 
chain in the α phase in the pure PVDF. 
[2] 
Hydrogen atoms were omitted for clear plot. 
  
The αp phase (also known as the δ phase) has the same conformation as the α phase 
in a single carbon molecular chain, however, the neighbouring carbon molecular chains 
in the αp phase are parallel and in the same direction, which produces a net polarization 
and makes it a ferroelectric phase 
[2]. A recent study showed that the αp phase has a 
spontaneous polarization of about 0.06C/m
2
 after it is subjected to an applied electric 
field of 250kV/mm
[4]. The difference between the αp and α phases is whether the 
neighbouring carbon molecular chains are in the same or the opposite directions (Figure 
2. 4). The dipole moments in the α phase in the neighbouring chains are cancelled, 
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while in the αp phase the dipole moments add up, which results in a net polarization.  
 
 
Figure 2. 4  The structures in the a-b plane of (a) the α phase and (b) the αp phase. The c axis, which 
is the direction of the carbon chains, is pointing into the paper. The arrows indicate the direction of 
the dipole moments. 
[2]
 
 
2.1.1.2 The β phase (I phase) 
The β phase is a ferroelectric phase. It has an all-trans (TT) conformation, in which 
all the hydrogen atoms are aligned on one side of the carbon molecular chains and all 
the fluorine atoms are aligned on the other side of the carbon molecular chains (Figure 2. 
5(left)). The dipole moments in the neighbouring carbon molecular chains add up, 
which results in a net polarization. The spontaneous polarization of the β phase is 
calculated as 0.13C/m
2 [1, 5]
. It is piezoelectric, pyroelectric and ferroelectric
 [6]
.
 
This 
conformation has the lowest energy 
[1, 2, 7, 8]
. The β phase is more thermodynamically 
stable than the α phase at high mechanical deformation[4]. An illustration of the all-trans 
conformation in the a-b plane and b-c plane respectively is shown in Figure 2. 5
 
. The 
neighbouring dipoles in the β phase rotate about 7° from each other because of the Van 
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der Waals radius of fluorine atoms and their repulsion
 [2]
. This makes the dipoles on the 
carbon molecular chains zigzag.  
 
 
Figure 2. 5  The all-trans conformation in the β phase: (a) dipoles shown in the a-b plane, where the 
arrows indicate the direction of the dipole moments and (b) dipoles shown in the b-c plane
 [2]
. 
Hydrogen atoms were omitted in (b) for clear plot. 
 
2.1.1.3 The γ phase (III phase) 
The γ phase is the high temperature phase obtained around 160℃ when the PVDF 
cooled from the melt. The cooling rate from the melt determines which phase 
crystallizes. A relatively fast cooling rate results in the α phase, while a relatively slow 
cooling rate results in the γ phase [2]. The conformation of this phase is TTTG+TTTG-(or 
T3G
+
T3G
-
)
[2]
 which is a trans conformation  followed by a trans-gauche conformation 
(Figure 2. 2(right)). Because the TTTG
+
TTTG
-
 conformation has a mix of the short 
all-trans conformation and TG
+
TG
-
 conformation, the γ phase was once considered as a 
mixture of the α phase and β phase[5]. The neighbouring carbon chains of the γ phase are 
parallel and in the same directions so it is polar
[9, 10]
. Meanwhile, there is a possible 
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phase with TTTG
+
TTTG
-
 conformation and anti-parallel neighbouring chains proposed 
by Lovinger as γa (IIIa) phase or the anti-polar γ phase
 [9]
. This new phase was proved to 
be possible experimentally
 [11]
 and theoretically
[10]
, though it only exists in very small 
proportions and can only be obtained in specific conditions
[11]
. The only difference 
between the γ phase and the γa phase is that one is polar and the other is anti-polar 
(Figure 2. 6). 
 
 
Figure 2. 6 The conformation of: (a) the γ phase and (b) the γa phase
[10]
. 
 
2.1.2 Phase transition in pure PVDF 
The four phases (α, αp, β and γ phase) can transfer into each other via different 
processing routes as illustrated in Figure 2. 7. These processing routes involve heat 
treatment (annealing), mechanical processing (stretching) and electrical processing 
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(poling) to modify the conformations of the carbon chains. 
 
 
Figure 2. 7  Processing approaches for the transition between the four phases of the pure PVDF 
[5]
. 
 
The α phase can be obtained from cooling from the melt to room temperature. It 
can be stretched or poled and then annealed to obtain the β phase because these 
procedures help the carbon chains in the α phase to unfold which gives them the larger 
space required for the all-trans conformation and the dipoles to align. The α phase 
transfers to the β phase directly when it is stretched and then annealed. Meanwhile, the 
α phase transfers to the αp phase first when it is poled (170 kV/mm)
[4]
, and then further 
transfers to the β phase at a higher electric field (~500kV/mm)[2]. A schematic 
illustration on how the α phase of the pure PVDF transfers to the β phase under different 
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processing conditions is given in Figure 2. 8. The α, αp and β can all transfer to the γ 
phase via high-temperature annealing. 
 
 
Figure 2. 8  Procedures of phase transition from the α to β via stretching, poling and annealing
 [2]
. 
 
2.1.3 Characterization of pure PVDF 
The different phases of pure PVDF were determined mainly by IR or Raman 
spectra or XRD patterns in the early studies
[2]-[12]
. In the IR spectra, the all-trans 
conformation corresponds to 1280,840,510 and 445 cm
-1 
bands, trans-gauche to 796, 
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776, 610 and 532 cm
-1 
bands, and TTTG
+
TTTG
- 
to 1134, 1115 and 811 cm
-1 
bands 
respectively. The typical corresponding bands to the three conformations are marked 
with arrows in the IR spectra in Figure 2. 9 and Figure 2. 10. The change in the 
corresponding bands was used to study the phase transitions by Tashiro
 [5]
. For instance, 
by comparing the disappearance and appearance of different bands, it is clear when the 
α phase changes into the γ phase at high temperatures, or to the αp phase during poling
[1, 
2]
.
 
It is worth noticing that the TTTG
+
TTTG
-
 conformation also corresponds to 1280 and 
840 cm
-1
 bands because it contains short TT conformation. 
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Figure 2. 9 The infrared spectra of the phases transition between the different phases of the pure 
PVDF
[5]
. The arrows indicate the typical corresponding bands: (a) all-trans (β phase) to 
TTTG
+
TTTG
-
 (γ phase); (b) TGTG
-
 (α phase) to TTTG
+
TTTG
-
 (γ phase) and (c) TTTG
+
TTTG
-
from 
as-cast (broken lines) to crystallized phase. 
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Figure 2. 10 Infrared spectra of phase transition from the α phase to the αp phase induced by poling 
and annealing (170℃) in the pure PVDF. The arrows show the change of the bands. [5] 
 
The rotation of the dipoles in the β phase was found by comparing the intensity of 
the bands corresponding to the β phase in the infrared spectra when  an external 
electric field was applied
[2]
. The band at 1280cm
-1
, which corresponds to the all-trans 
conformation, was measured in the parallel and perpendicular directions to the surface 
of the β-PVDF film during the changing of the applied electric field signal. The 
intensity of the IR spectra between the parallel and perpendicular results showed a 
butterfly-like loop (Figure 2. 11 (a)). This suggested that the angle of the dipoles 
changed continuously during the poling and the changing of the signal of the applied 
electric field. 
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Figure 2. 11 Plots of β-PVDF under applied electric field: (a) infrared absorption spectra at 1280 
cm
-1
 corresponding to the all-trans conformation of β-PVDF; (b) dielectric constant versus the 
applied electric field, and (c) the polarization hysteresis loop versus the applied electric field plot 
(P-E) of the β-PVDF.
 [2]
 
 
2.2 Structures and characterization of the P(VDF/TrFE) 
2.2.1 Structures of the P(VDF/TrFE) 
The monomer trifluoroethylene (TrFE) is doped into the chains of the vinylidene 
fluoride to create the ferroelectric phase spontaneously. The dipoles in the pure PVDF 
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are believed to rotate when the carbon chains unfolded in the TGTG
-
 conformation of 
the α phase to the all-trans conformation of the β phase during the phase transition.[12, 13]. 
The rotation requires high energy and a greater repulsion from the neighbouring -CF2 
group may help to overcome the energy barrier. In order to achieve a higher repulsion 
force, TrFE monomers were doped in the pure PVDF, which resulted in increasing 
repulsion forces and space between the dipoles. This made it easier for the carbon 
chains to unfold to the all-trans conformation. In this case, the P(VDF/TrFE) has the 
same spontaneous all-trans conformation as that of β-PVDF[2] by doping 
trifluoroethylene in the vinylidene fluoride carbon chains, and is also ferroelectric
[5]
. 
Apart from doping trifluoroethylene, Lovinger
 [12]
 found that doping 
tetrafluoroethylene (TeFE) can also increase the repulsion force and the space between 
the neighbouring dipoles, and introduce spontaneous polarization into pure PVDF. 
Tetrafluoroethylene doping had the same effect as double amount of trifluoroethylene 
doping. For example, a doping of 24mol% TrFE is equivalent to the doping of 12mol% 
TeFE which introduced the head-to-head or the tail-to-tail defects in the copolymer
[6]
. 
The Curie point in the copolymer obtained by doping TrFE was found to be about 133℃. 
The Curie point of pure PVDF is above or about its melting point and cannot be 
measured
 [5, 12]
. The different Curie points according to the different ratios of VDF:TrFE 
are shown in Figure 2. 1. At 100% VDF (PVDF), the lack of the Curie point (Tc) 
indicates that there is no ferroelectric-paraelectric phase transition below the melting 
point of the pure PVDF. The Curie point decreases with the increasing ratio of doped 
TrFE between 0mol% and ~50mol% in the copolymer.  TrFE-rich copolymer does not 
49 
 
have a spontaneous ferroelectric conformation, but rather a chiral conformation in its 
chains, which results in the loss of its ferroelectricity
 [2, 12]
. The melting point of the pure 
PVDF decreases with the increasing percentage of the head-to-head or tail-to-tail 
defects (CH2-CF2-CF2-CH2). These defects can also be introduced by doping 
trifluoroethylene or tetrafluoroethylene
 [6, 12]
. The melting point of the copolymer 
decreases with the increasing doped TrFE ratio between 0mol% and 30mol% and 
reaches its minimum value when the doping ratio is about 70/30 VDF:TrFE (Figure 2. 
1). The melting point increases with the increasing ratio of TrFE from ~30mol% in the 
P(VDF/TrFE).  
 
2.2.2 Phase transition in the P(VDF/TrFE) 
Due to the randomly doped TrFE monomers along the carbon chains, the trans and 
the gauche conformations in the P(VDF/TrFE) are different from those in the PVDF, 
thus they are described in the new phase names. The ferroelectric phase in the 
P(VDF/TrFE) which has the all-trans conformation and similar to β-PVDF is called the 
low-temperature (LT) phase (Figure 2. 12). The phase with highly tilted trans 
conformation is called the cooled (CL) phase. The non-ferroelectric phase which is 
produced at high temperature with a mixture of the trans and gauche conformation is 
called the high-temperature (HT) phase
[5]
. The conformation in each phase was 
determined by the infrared bands. The low-temperature phase has bands at 1280cm
-1
 
and 840cm
-1
 in the infrared spectra corresponding to the all-trans conformation and the 
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peak at 19.9˚ in the XRD result, which are the same as those in the β-PVDF[5]. This is 
the most interesting phase to study the ferroelectric properties on. The cooled phase and 
the high-temperature phases both have the trans-gauche conformation recognized from 
the infrared spectra, which indicates that they are not ferroelectric phases
[5]
. The 
high-temperature phase has the mixture of all-trans, trans-gauche and TTTG
+
TTTG
-
. 
The cooled phase and the high-temperature phase can be obtained from the different 
processing ways and can transfer into each other. The methods for producing phase 
transition in the P(VDF/TrFE) are very similar to that of the pure PVDF, including 
annealing, pressing/stretching and poling (Figure 2. 13)
[2]
. Because the copolymer forms 
the ferroelectric phase when it is doped with the TrFE at a ratio below 35mol%, the 
most common phase in the P(VDF/TrFE) is the low-temperature phase. The 
low-temperature phase goes through the cooled phase first, then the high-temperature 
phase during a heating process.  
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Figure 2. 12 (a) The schematic of the β phase crystal structure for P(VDF/TrFE) copolymer in the ab 
plane (the c axis is normal to the ab plane), and (b) along the c axis of the all-trans (TTTT) zigzag 
planar configuration from the top view
[14]
.  
 
 
Figure 2. 13  Schematic illustration of phase transition in P(VDF/TrFE) copolymer 
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2.2.3 Characterization of the P(VDF/TrFE) 
The characterization methods to measure the phases in the P(VDF/TrFE) are also 
similar to that of the pure PVDF, namely the XRD patterns and the infrared and Raman 
spectra
[5]
. The XRD patterns of P(VDF/TrFE) with different doping ratios show 
different phase transition behaviour with the increasing temperature (Figure 2. 14)
[5]
. 
The VDF-rich (72%VDF), VDF-moderate (VDF 55%) and TrFE-rich (VDF 37%) 
copolymers were chosen as three typical examples. In the VDF-rich copolymer, the 
intensity of the peak that represents the ferroelectric low-temperature phase at 35˚ 
decreased while the intensity of the peak that represents the paraelectric 
high-temperature phase at 39˚ increased with the increasing temperature upon the 
heating segment. The intensity of the ferroelectric phase peak increased while the 
intensity of the paraelectric phase peak decreased during the cooling segments. This 
revealed a clear ferroelectric-paraelectric phase transition. The ferroelectric-paraelectric 
phase transition occurred at around 129℃ during the heating segment and the 
paraelectric-ferroelectric phase transition occurred between 83℃ and 65℃ during the 
cooling segment (Figure 2. 14(a)). The thermal hysteresis between the two phase 
transition temperatures indicates that this is a first-order transition.  The 55% VDF 
copolymer showed a similar phase transition trend as the VDF-rich copolymer (Figure 2. 
14(b)). However, the ferroelectric-paraelectric phase transition in the 55% VDF 
copolymer occurred at around 65℃ during the heating segment, which was much lower 
than the Curie point of the VDF-rich copolymer. Besides, the high-temperature phase of 
the 55% VDF copolymer transferred into the cooled phase instead of the 
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low-temperature phase during the cooling segment. This suggests that it is harder for the 
copolymer to form the ferroelectric low-temperature phase when the ratio of the TrFE is 
above 35% in the copolymer. The TrFE-rich copolymer (VDF 37%) had the cooled 
phase at the room temperature and transferred to the high-temperature phase during the 
heating segment (Figure 2. 14(c)). The result is in good agreement with the conclusion 
from the 55% VDF copolymer. The copolymer with a TrFE doping ratio below 35% can 
form the ferroelectric phase spontaneously. 
 
 
Figure 2. 14 The temperature dependent XRD patterns of the copolymers: (a) VDF-72% (VDF-rich) 
copolymer; (b) VDF-55% copolymer and (c) VDF-37% (TrFE-rich) copolymer
 [5] 
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The crystallinity of the P(VDF/TrFE) changes with the ratio of the doped TrFE as 
well. When the ratio of the doped TrFE was below 35%, the crystallinity and the 
stability of the all-trans conformation both increased with increasing ratio of the TrFE 
[5]
. 
This may be caused by a decrease of the degree of freedom of the dipoles, which were 
pinned by the TrFE monomer. This made the copolymer more likely to be the 
ferroelectric phase 
[5]
. 
It had been reported that the copolymer showed clear thermal hysteresis in the 
phase transition, which were lacking in the pure PVDF or PTrFE
[5]-[12]
. The same 
thermal hysteresis in the Curie points in the copolymers with different TrFE doping 
ratios were also observed in the infrared spectra (Figure 2. 15). The band at 1290cm
-1
 in 
the infrared spectra, which represents the all-trans conformation and the ferroelectric 
phase, and the band at 612cm
-1
, which represents the trans-gauche conformation and the 
paraelectric phase, were measured at different temperatures in the copolymers of 
different TrFE doping ratios during the continuous heating and cooling segment (Figure 
2. 15). The copolymers that have TrFE doping ratio between 18mol% and 45mol% 
showed clear thermal hysteresis in the intensity of the bands at 1290cm
-1
 and 612cm
-1
 
during the heating and cooling segment. However, the VDF-37% copolymer and the 
pure PVDF showed no such hysteresis, which suggests that the either the phase 
transition was second-order in this doping ratio or the phase transition point was above 
the melting point. This was in good agreement with the XRD results (Figure 2. 14) that 
the TrFE doping ratio works best below 35%.   
It can also be seen in the infrared spectra that the temperature where the phase 
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transition took place decreased with the increasing TrFE doping ratio, and the range of 
the temperature where the phase transition took place also decreased. This was because 
the doped TrFE served as the head-to-head defects in the carbon chains when the doping 
amount was relatively low
[6]
. The more TrFE doped, the less likely that the TrFE was 
treated as the defects, which eventually lost its sensibility to dope TrFE in the pure 
PVDF to produce a spontaneous ferroelectric phase.  
On the other hand, when the TrFE doping ratio was very low, the VDF-rich 
copolymer had a high Curie temperature, and was close to the melting point. If the 
tetrafluoroethylene monomer was doped instead of the trifluoroethylene, the phase 
transition was more obvious
[12]
. Because the tetrafluoroethylene had double the amount 
of the fluorine atoms that served as the defects than that in the trifluoroethylene, which 
resulted in a stronger intermolecular force, less interaction between the neighbouring 
VDF group, longer space  and higher vibration in the skeletal carbon chains.  
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Figure 2. 15 The temperature dependent infrared absorption spectra of the copolymers doped with 
different TrFE ratios at the bands of 1290cm
-1
 (all-trans conformation) and 610cm
-1
 (trans-gauche 
conformation) at different temperatures in a continuous heating and cooling segment. The meanings 
of the inset abbreviation texts are as mp: melting point, tp: (phase) transition point and cp: 
crystallization point. 
[5] 
 
The temperatures of the different phases, phase transition and melting point of the 
copolymer with different TrFE doping ratios are illustrated in Figure 2. 16. The melting 
temperatures and phase crystalline temperatures are determined by the ratios between 
the VDF and TrFE which is agreement with Figure 2. 1. The thermal hysteresis in the 
phase transition during heating and cooling segment is clearly shown.  
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Figure 2. 16 The VDF:TrFE ratio dependent phase transition diagram of the unoriented copolymer: 
(a) the heating segment and (b) the cooling segment
[5]
. 
 
2.3 Processing methods on the pure PVDF and the P(VDF/TrFE) copolymer 
2.3.1 Processing methods 
Pure PVDF and P(VDF/TrFE) can be processed in many ways, which can mostly  
be divided into solution methods and melt methods. Among them, solid-state-drawn 
from cast solution films is one of the earliest methods studied 
[2, 15-17]
. Pure PVDF 
transferred from the α phase to the β phase and produced a higher crystallinity during 
solid-state-drawing
[2]
. This processing was believed to increase crystallinity and the 
amount of the aligned lamella, which can enhance the ferroelectric performance in the 
copolymer as well 
[15, 16]
. Though this processing method can produce good properties, 
the procedures are complicated. It requires usually the Dimethyl formamide (DMF) as 
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the solvent, which is a toxic chemical, fine manipulation, long hours of evaporation to 
remove the solvent and careful operation during the solid-state drawing. The area of the 
film is also restricted to the area of the silicon dioxide slide or the petri dish in which 
the solution is dried. The maximum draw ratio of the film is ~5 times
 [16]
. 
The direction of the stretching is important to how much a film can be solid-state 
drawn before breaking. The films stretched in its longitudinal direction had higher 
modulus and were harder to break than the films that were stretched in its transverse 
direction under uniaxial
[18]
, because a necking point was produced earlier during 
stretching along the transverse direction(Figure 2. 17 and Figure 2. 18). This suggests 
that the film with a preferred orientation should be stretched along its longitudinal 
direction. 
 
 
 
Figure 2. 17  Schematics of the necking process of the film that was stretched along its longitudinal 
direction: (a) initial state, (b) formation of necking and necking is inhibited, and (c) final fracture.
[18]
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Figure 2. 18  Schematics of the necking process of the film that was stretched along its transversal 
direction: (a) initial state, (b) formation of necking and necking is inhibited within a relatively small 
region, and (c) final fracture with lower fracture strain than that of the longitudinal films.
[18]
 
 
Another cast solution method is by the self-assembly of the polymer in the solution. 
Pure PVDF solutions of different concentrations were casted and dried in PDMS dies at 
different temperatures and speeds of evaporation 
[19]
 (Figure 2. 19). All these three 
parameters affected the quality of PVDF crystallization. The sample obtained from 5wt% 
PVDF DMF solvent evaporated at 120℃ had the best result among all. The lamella of 
the cast film aligned in the direction of the evaporation gradient, which was consistent 
with the concentration of the solvent. This study showed that the cast films were best 
obtained from highly polar solvents, low in concentration and dried at a relatively high 
temperature (120℃). 
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Figure 2. 19 (a,c) Optical Microscopy  and (b) SEM images of the aligned PVDF line pattern 
generated from a 1% DMF solution at 120℃. (a) Split pattern of PVDF; (b) View from one side of 
the split pattern of the aligned crystalline PVDF lamella. The arrow indicates the preferred 
orientation perpendicular to the channel axis; (c) The Optical Microscopy image of the PVDF line 
pattern between crossed polarizers and (d) Schematic of the crystalline PVDF lamella in the 
channel.
[19] 
 
Nanodot
[20]
 or nanotube
[21]
 arrays cast from the solution is another solution method. 
Copolymer arrays were produced by casting solution into aluminium moulds. Good 
alignment in the lamella and high crystalline ferroelectric phase were produced using 
these two methods. The arrays produced had good ferroelectric performance with a 
relatively high coercive field and were suitable for high energy density capacitors. 
The substrate in the cast solution films plays an important role in the morphology of the 
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films. The lamella in the cast film formed ‘edge-on’ rice-like lamella on graphite 
substrate and ‘flat-on’ pancake-like lamella on gold(Au) or platinum(Pt) substrates in 
Kimura’s work[22] (Figure 2. 20). The different morphology may be affected by the 
different work function of the substrates. The 'flat-on' lamella could be manipulated near 
the Curie point with a loaded AFM tip and transfer into the 'edge-on' lamella
[22]
, yet not 
the other way around.  
 
 
Figure 2. 20 (a) Contact-mode AFM image (30℃, 1μm×1μm) of a 75-nm-thick P(VDF/TrFE) film 
on graphite after the heat treatment at 140℃. (b) Contact-mode AFM image (30℃, 2μm×2μm)  of a 
150-nm-thick P(VDF/TrFE) film on Pt surface after heat treatment at 160℃ and (c) Contact-mode 
AFM image (30℃, 2μm×2μm)  of a 150-nm-thick P(VDF/TrFE) film on Au surface after heat 
treatment at 160℃. (d) Schematic illustration of lamella and molecules inside on the substrate shown 
in diagram (a) and (e) schematic illustration of the lamella and molecules inside on the substrate 
shown in diagram (b) and diagram (c). 
[22] 
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Apart from the solution methods, processing from the melt is often used as well. 
Melt-pressing from powders produced films with fair ferroelectric performance
[23]
, 
however, no aligned lamella or a preferred orientation was found in this study. A highly 
oriented lamella can increase the maximal ferroelectric performance
[15, 16]
.  
Another melt method is extrusion from the melt. Stretching during extrusion is 
similar to solid-state-drawing. The extruded melt was quenched in water and then hot 
compressed to produce the filaments
[24]
. A schematic diagram of the extrusion from the 
melt is shown in Figure 2. 21. The rollers on both sides produced hot-compression 
which was used as a transporting tool as well as to smooth the filaments. The study on 
the PVDF
[24]
 concluded that the temperature (80℃~140℃) and draw ratio (R=1~5) of 
the extrusion both affected the roughness of filaments. The best PVDF filaments were 
produced around 135℃ when the molecular chains and lamellae are soft to stretch, 
re-orient and grow 
[25]
.  
 
 
 
Figure 2. 21 Schematic diagram of the extrusion procedures of the monofilament extrusion line
[24]
. 
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The melt methods are easier to manipulate compared to the solution methods, 
however, the solution methods produce pre-oriented lamellae which produces higher 
maximal ferroelectric polarization. 
 
2.3.2 The important factors in the processing 
There are a few factors that affect the performance of pure PVDF and copolymer 
during processing, such as the cooling rate, the lamella/filaments orientation and 
temperature. Comparing between copolymer samples with different cooling rate 
between fast cooled in water (quenched) and moderately cooled by plattens after 
pressing, samples moderately cooled had better ferroelectric performance than samples 
fast cooled
[26]
, which was caused by higher crystallinity. Meanwhile, pressing alone did 
not seem to produce preferred orientation of the lamella or affect the ferroelectric 
performance
[26]
, which is consistent with Zhang’s result[23].  
Mhalgi et al
[27]
 found that a combination of rotation speed of the collecting roller 
and the temperature affected the ferroelectric performance in the extrusion of pure 
PVDF. When the films were extruded at a rate of 2.8 kg/hr, and the roller speed kept at 
10rpm, the films produced at the roller temperatures between 75℃ and 107℃ had the 
best ferroelectric performance. On the other hand, when the films were extruded at a 
rate of 2.8 kg/hr , and the roller temperature was set at 75℃, 107℃, and 130℃ 
respectively, the faster the rotation speed of the roller was between 10 and 30 rpm at 
each temperature, the better ferroelectric performance was of the films produced 
[27]
.  
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The processing temperature also plays an important role in determining the 
micro-structures of the samples. Takeshi Fukuma
[25]
 observed the edges of P(VDF/TrFE) 
lamella softened and melted slightly near the Curie point during heating and cooling 
treatment with the AFM on a hot stage. It was explained that the softened and slightly 
melted edges of the lamella moved and joined the surrounding lamella edges which 
grew into each other to larger lamella (circles in Figure 2. 22(a) and (b), and rectangles 
in Figure 2. 22(c) and (d)).  
 
 
 
Figure 2. 22 The AFM images of the P(VDF/TrFE) thin film observed during the heating and 
cooling treatment on a hot stage. The AFM images observed after annealing at 140℃ for (a) 33 min 
and (b) 115 min and cooling at (c) 132℃ and (d) 75℃.[25] 
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Another proof that the lamella can be manipulated near the Curie point was found 
in Kimura’s work [22, 28] using a loaded AFM tip. Copolymer 75/25mol% P(VDF/TrFE) 
was scanned in one direction by a loaded AFM tip at 135℃ in the contact mode. This 
aligned the molecular chains in the direction of the scanning to produce new lamella 
perpendicular to the scanning direction(Figure 2. 23). When the film was scanned under 
the same condition except for the temperature below the Curie point, the edge-on 
lamella aligned in the scanning direction (Figure 2. 24). This could be interpreted as the 
all-trans conformation was rigid and hard to move while the trans-gauche conformation 
was comparatively softer and easier to move, which formed near the Curie point. Thus 
the lamella could be rearranged by the loaded tip near the Curie point
[28]
. The 
manipulation on re-arranging the lamella should be carried out near the Curie point. 
 
 
 
Figure 2. 23 (a) Topographic image of a 75-nm-thick P(VDF/TrFE) film (1μm×1μm). Lower three 
quarters were modified at 135℃ by scanning an AFM tip along the direction that is shown by the 
arrow. (b) Schematic illustration of the aligning technique for molecular chains and its result. 
[28]
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Figure 2. 24  (a) Topographic image of a 25-nm-thick P(VDF/TrFE) film (2μm×2μm). Lower half 
was modified at 80℃ by scanning an AFM tip along the direction that is shown by the arrow. (b) 
Schematic illustrations of the aligning technique for lamellar crystals and its result. 
[28] 
 
The ferroelectric-paraelectric phase transition in the nanomesa suggested that the 
shortest time duration of heat treatment required for paraelectric-ferroelectric phase 
transition was 10 minutes. Nanomesa are island-like micro-structures on the substrate 
formed by solution deposition when there was not enough solution to form a layer of 
lamella. Bai
[29]
 found that the nanomesa of copolymer 75/25mol% P(VDF/TrFE) 
produced by Langmuir-Blodgett on a substrate by dipping transferred from the 
paraelectric phase to the ferroelectric phase when heated at 125℃ for at least 10 minutes. 
The proportion of the ferroelectric phase increased greatly if the sample was heated at 
125℃ for 30 minutes. This indicated that a quick heat treatment should be no less than 
10 minutes to take effect.  
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2.4 Preparation of copolymer films 
2.4.1 Etching  
The lamella in the polymers are usually surrounded by amorphous phase, which 
makes it difficult to image the crystalline part. To overcome this, etching methods were 
adapted to remove the amorphous area and show the crystalline area. Several etching 
methods have been used on different polymers. Permanganic reagent in an acid 
environment 
[30, 31]
 and the alkali environment
[32]
 were used for etching polyethylene
[32]
. 
Some of the etching methods focused on creating certain patterns on the polymers, such 
as photo etching on the P(VDF-TrFE-CFE) for MEMS structures 
[33]
, Kr gas etching in 
O2 plasma of PVDF for diode(MFIS) 
[34], Ion beam etching of β-PVDF films [35], and 
Cu, Ni, Cl ion bombardment etching of biaxially-stretched PVDF films 
[36]
 to name a 
few. Fuming nitric acid was also used to etch PVDF polymer film for AFM imaging 
[37]
 
(Figure 2. 25).  
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Figure 2. 25  AFM image of the (001) surface of an etched PVDF crystal: (a) 100nm×100nm; (b) 5 
nm×5nm; (c) higher resolution in the area of 1.97nm×1.97nm and (d) relaxed (001) surface 
predicted by DFT calculations in the area of 1.97nm×1.97nm as shown in diagram (c) (hydrogen 
atoms are not shown for clarity).
[37]
 
 
The most practical and safe way to etch polymers is using permanganic reagent. A 
polyethylene sample soaked in potassium permanganate solution in acid environment 
[31]
 
showed a potential way for etching the P(VDF/TrFE). The etching solution was 
produced by mixing 0.7wt% potassium permanganate with the same volumes of 
orthophosphoric and sulphuric acid. The samples were soaked in the mixture for the 
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duration of 20, 60, 90, 120, 180 and 240 minutes respectively. No obvious change in the 
morphology of the polyethylene samples was observed as long as the sample was 
soaked in the etching solution for less than 2 hours. The sample was then washed 
several times using distilled water to achieve a neutral pH=7 value. 
[31]
. 
The permanganic reagent in alkali environment was produced by mixing potassium 
permanganate solution with sodium hydroxide (NaOH). The sample was washed in 
distilled water with a little acid to achieve pH=7 before treatment in potassium 
permanganate (KMnO4)
[32]
. If the copolymer sample is etched in potassium 
permanganate solution, hydrofluoric acid can be produced, which is both toxic and 
erosive to glassware. In order to neutralize the hydrofluoric acid during etching, a weak 
alkaline solution should be added. Since the polyethylene, the PVDF and the 
P(VDF/TrFE) have the similar atoms and conformation, the etching solution for the 
polyethylene or the PVDF by the permanganic regent can be adapted for etching the 
P(VDF/TrFE). 
 
2.4.2 Electrode coating 
Electrodes of different metals  produced asymmetric polarization hysteresis loops 
because of built-in bias field caused by the different work functions of the metals at low 
frequencies
 [38, 39]
. This was backed up by the asymmetric polarization observed via 
Laser Intensity Modulation Method (LIMM) in a recent study
[9]
. At the higher 
frequencies, both the built-in bias field and the charge injection at the interfaces 
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between the polymer and the metal electrodes play important roles
[38, 39]
. In this case, 
the same metal material should be used for the top and bottom electrodes to avoid 
asymmetry
[40]
. It was also found that the electrode metal of a higher work function 
increases the proportion of external electric field applied on the P(VDF/TrFE) thin film 
due to the decrease in the contact barrier between the copolymer film and the electrodes. 
An increased switching rate of the P(VDF/TrFE) thin film at ~200nm was also found 
with electrodes of higher work function metal.
 [38, 39]
. 
 
2.5 Simulation and experimental results of domain switching models 
The domain switching consists of three steps, namely nucleation, the forward 
growth of the nucleus and the expansion of the domain walls
[41, 42]
 (Figure 2. 26). 
Among them, the time for nucleation and the forward growth of the nucleation was 
considered to be rate determining steps for switching, and the time of the expansion of 
the domain walls was considered fast and negligible compared to the nucleation time
[42]
. 
A number of switching models have been proposed since 1939  based on the 
time-dependent Kolmogorov-Avrami-Ishibashi (KAI) model
[43-45]
 to describe the 
switching kinetics. They focused on the nucleation time and applied the model to 
computing simulation
[3, 46-49]
 and experiments
[50-52]
. Many of these models were based 
on the switching of 180° domains and the rotation of the dipoles in the molecular chains 
[3, 5, 47, 53, 54]
. However, the contribution of the 180° domains in ferroelectric P(VDF/TrFE) 
is still an open question. Meanwhile, the non-180° domains which are produced by 
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twinning were considered and found to be possible in polyethylene
[55]
. Polyethylene has 
a very similar conformation as that of the ferroelectric low-temperature phase of 
P(VDF/TrFE). This suggests that similar twinning domains may be produced by shear 
in the P(VDF/TrFE) during ferroelectric switching as well. The experimental results on 
the switching dynamics of the piezoelectric ceramic lead zirconate titanate (PZT) was in 
good agreement with the external electric field loading rate theory and suggested that 
the ferroelectric switching of PZT was dominated by the non-180° domains
[56]
. It will be 
interesting to apply this loading rate theory to P(VDF/TrFE) to which is the dominant 
mechanism of domain switching and to investigate the switching dynamics. 
 
 
 
Figure 2. 26 Schematic illustration of the procedures in the ferroelectric switching. (From left to 
right) Firstly the nucleation, then forward growth of the nucleation, and lastly the sideways 
movements of domain walls
[41]
. 
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2.5.1 Time dependent switching models based on the KAI model 
One of the earliest and widely used switching models to describe the kinetics of 
ferroelectric switching is the Kolmogorov-Avrami-Ishibashi (KAI) model 
[57, 58]
, which 
was adapted from the original Avrami
[43-45]
 equation. This model is time dependent in a 
finite range of the temperature and switching volume. The change of the polarization is 
time and switching dimension dependent. The equation is expressed as: 
(t) 2 [1 exp{ (t/ ) }]sP P
    ,                      (2.1) 
where ΔP(t) is the change of the polarization as a function of time. Ps is the spontaneous 
polarization of the material. τ is the characteristic switching time and β the dimension 
parameter of the nucleation growth. The value of β represents the dimension of 
nucleation growth, and is often called the Avrami parameter.  
Recently, a nucleation limited switching (NLS) model based on the concept of 
inhomogeneous field (IFM) was developed by modifying the KAI model 
[59, 60]
. The 
nucleation was considered to be inhomogeneous and disconnected in the whole sample 
due to the inhomogeneous fields. In this case, the equation was modified as: 
(t) 2 [1 exp{ (t/ ) }] (log ) (log )sP P G d
      .                (2.2) 
The equation adapts most parameters from the KAI model and the meanings of 
these parameters are the same as in Equation (2.1). G(logτ) is the distribution function 
of the nucleation probabilities of logτ to describe the inhomogeneous domain switching. 
This models was found in fair agreement with the results for PZT ceramics
[59, 61]
 and  
the ferroelectric copolymer P(VDF/TrFE)
[60]
. 
In the time dependent models, the switching time τ is usually described according 
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to Merz law
[62]
:  
0 a( ) exp( / )E E E  ,                         (2.3) 
where τ is the characteristic switching time, Ea the activation field and E the applied 
field. The Merz’s law was based on the conditions of rapidly applied square pulse field. 
The switching time in the Merz law was dependent on the field only. 
Several previous studies have focused on the switching time of P(VDF/TrFE) , 
including the switching of nanomesa of the copolymer by PFM
[41, 63, 64]
. The work done 
on the P(VDF/TrFE) 70:30 and 75:25 by Gaynutdinov
[63]
 and Kim
[64]
 respectively 
showed good agreement with the model, with a linear relationship between the 
switching time or velocity of the domain walls and the reciprocal of the electric field 
1/E (Figure 2. 27 and Figure 2. 28). Both samples were thin films prepared by cast 
solution and thinner than 100nm. This suggests that the time-dependent KAI model and 
the Merz law are appropriate to describe the switching dynamics of ultra-thin films. 
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Figure 2. 27 Graph of the switching rate(reciprocal switching time) vs Vc/V for a nanomesa 
[63]
. 
 
 
 
Figure 2. 28  Electric field E dependence of domain wall velocity v for the negative (red circle ) 
and the positive (black box) voltage pulses. Dark gray and pink solid lines were approximated by 
Equation. 
[64]
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2.5.2 Ferroelectric 180° domains and non-180° domains in PVDF and 
P(VDF/TrFE)  
The P(VDF/TrFE) consists of long molecular chains. The open questions are ‘do 
the ferroelectric domains nucleate in a molecular chain or between a few molecular 
chains’, and ‘are the active domain walls 180° domains or non-180°’. These questions 
were considered by Dvey-Aharon in 1979
[65]
, and two models were proposed to 
describe the domains in β-PVDF. One of the models was based on 180˚ domains and the 
other model was based on 60˚ domains. Because the molecular chains are in the 
direction of the c axis and do not have dipole moments along this direction, the 
polarization changes produced by domain switching were calculated in the a-b axis 
plane . In the model of the 180° domains, the four closest molecular chains were 
considered in the calculation because of the orthorhombic structure of the β phase. The 
dipoles in the neighbouring domains were calculated as anti-parallel, forming 180° 
domain walls (Figure 2. 29(a)). In the model of the non-180° model, the neighbouring 
six molecular chains were taken into consideration instead of the four closest molecular 
chains, because the two second closest neighbouring molecular chains were only 1% 
further away in distance compared to the closest neighbouring molecular chains and this 
1% difference was treated as neglectable in this calculation. In this case, the β-PVDF 
was considered as pseudo-hexagonal and 60° domains were possible (Figure 2. 29(b)). 
There would be a small distortion in the lattice if the structure were treated as 
pseudo-hexagonal which may generated the twinning domains. This pseudo-hexagonal 
structure was also found in a TEM diffraction pattern of an annealed and poled 
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P(VDF/TrFE) bulk sample (Figure 2. 30),which suggests it is highly possible.  
 
 
 
Figure 2. 29  Schematic illustration of the (a)180˚ domains and (b) 60˚ domain in the β-PVDF.
[65]
 
 
 
 
Figure 2. 30  TEM diffraction pattern of P(VDF/TrFE) (x=0.81, annealed and poled).
[66] 
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Naegele and Yoon found evidence for non-180 domains in a biaxially orientated 
pure PVDF sample which contained the β phase by IR transmission spectroscopy[50]. 
The IR measurements focused on the bands of the β-phase at 512 cm-1 and 446 cm-1, 
which correspond to the directions that are parallel and normal to the dipole axis 
respectively. The incident beam was normal to the surface of the sample. The intensity 
of the two bands showed a continuous butterfly-like loop versus the applied electric 
field when the sample was poled (Figure 2. 31). When the intensity of one band 
increased, the intensity of the other band decreased at the same time, and vice versa. 
This suggested that the dipoles were switching continuously in and out of the plane 
during poling.   
When the sample was poled by a few burst waveforms, the rise in the intensity of 
the infrared transmission response was slow compared to the electric field burst (Figure 
2. 32). Because the 180° domains do not change strains during poling and would have 
responded instantly to the external electric field, Naegele and Yoon
[50]
 extrapolated that 
there were non-180° domains in the pure PVDF.  
The intensity of the absorbed infrared increased during poling, which indicated that 
some of the α-phase transferred to the β-phase, in accordance to the work of Lovinger[2] 
and Tashiro
[67]
.  
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Figure 2. 31  Intensity of the infrared transmission spectra of the β-PVDF during poling on the 
bands of: (a) 512cm
-1
 and (b) 446cm
-1
 
[50]
. 
 
 
Figure 2. 32  Infrared transmission spectra on the band of 512cm
-1
 shows slow response to the 
external electric field
[50]
. 
 
Takahashi
[51]
 found further proof of the existence of the 60° domains by X-ray 
diffraction (Figure 2. 33 and Figure 2. 34). The XRD results of the pure PVDF sample 
with 99% β-phase under the applied electric field showed continuous change in the 
intensity of the peaks between the (400) and (220) planes, which indicated that there 
were non-180° domains because the (400) and (220) planes are not parallel to each other. 
More diffraction intensity results under electric field revealed that there were twin 
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domain boundaries at (110), (020) and (310) (Figure 2. 34(b)), which is consistent with 
there being 60° domains in the sample along the (110) plane (Figure 2. 34(a)). The 
existence of non-180° domains in the β-PVDF suggests that there may be non-180° 
domains in the ferroelectric LT phase of P(VDF/TrFE) as well.  
In Takahashi’s study[51], the 180° domains during switching cannot be observed or 
determined by XRD because there was no strain or lattice change during the 180° 
domains switching. 
 
 
Figure 2. 33 (a) The change in the intensity of XRD peaks corresponding to the (400) and (200) 
plane under the applied field. (b) Schematic illustration of the non-180° domains switching and the 
change between the (400) and (220) planes.
[51]
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Figure 2. 34 (a) Schematic illustration of the 60° domains with (110) domain boundary. (b) Contour 
map of calculated intensities of the XRD peaks
[51]
. 
 
The next question is ‘what is the relationship between the domain boundaries and 
the molecular chains?’ Are they parallel or perpendicular to each other? If the domain 
walls are parallel to the molecular chains, then one domain wall may exist in molecular 
chains (Figure 2. 35(a)); and if the domain walls are perpendicular to the molecular 
chains, one domain wall may occupy several molecular chains (Figure 2. 35(b)). 
Dvey-Aharon
[65]
 proposed a model based on the 60° domains, and in which the 
domain walls were assumed to be parallel to the molecular chains. The energy barrier of 
the potential domain walls between two 60° domains was calculated to be about 7 kT0 or 
180meV. Meanwhile, Ludwig
[52]
 found that the domain boundaries of the 180˚ domains 
were perpendicular to the molecular chains under the real-time STM with an external 
field (Figure 2. 36)
 [52]
.
 
It was extrapolated that the thermal activation energy for the 
domain walls perpendicular to the chains was lower than that for domain walls parallel 
to the chains.  
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Figure 2. 35  (a) Schematic illustration of one domain wall that is parallel to the molecular chains in 
the PVDF; (b) Schematic illustration of one domain wall that is perpendicular to the molecular 
chains in the PVDF.
[52]
 
 
 
 
Figure 2. 36  Video-STM image of a monolayer of P (VDF/TeFE) on graphite at room temperature. 
The individual polymer chains are clearly resolved. (a) The dark narrow zones perpendicular to the 
chains are domain walls which fluctuate thermally in their position while the chains stay in place. (b) 
Same Video scanned 200 ms later.
[52] 
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2.5.3 Dipoles rotation in the molecular chains during ferroelectric switching 
In Dvey-Aharon’s calculation[65], the 180˚ domains were only reversible within the 
two antiparallel chains, which kept the overall structure of the crystal unchanged and 
lowered the energy barrier. The switching of the 60˚ domain on the other hand, requires 
a metastable 30˚ partial rotation first. A similar idea of rotation was also proposed by 
Furukawa
[1, 68]
 and Tashiro
[5, 6, 67]
. The rotation generated a misfit in the carbon 
molecular chains which was called a kink, a gauche pair in the all-trans conformation, 
which can be a defect or a potential site for nucleation. The kink pairs were found in the 
non-180˚ domains only in Dvey-Aharon’s calculation[65]. In this case, Dvey-Aharon 
extrapolated that the domains rotated easily at an angle of 30˚ at a large scale first, then 
further rotated to the angle of 60˚ in small scales during the poling process (Figure 2. 
37). Ohigashi et al.
[69], also proposed a model of 60˚, 120˚, 180˚ steps of the 
ferroelectric domain switching in the 60˚ domains in the P(VDF/TrFE) (75/25mol%) 
from the DSC results, and pointed out that there may be small domains in the material. 
However, because the 60˚ domains switching caused internal strains, the switching by 
rotation might stop due to the misfit in the chains
[65]
. Dvey-Aharon also noticed that the 
calculated results did not match the experimental results in the switching time. The 60˚ 
domain switching was faster while the 180˚ domain switching was slower than the 
experimental results
[65]
. The average domain wall velocity was calculated to be less than 
1 A
ͦ
/s below 225 K and faster than 20 nm/s from 300 K upwards.[52] The mismatch in the 
switching time might be caused by the head-to-head (or tail-to-tail) defects 
(-[CH2-CF2-CF2-CH2]-) which would slow down the kinks propagation
[65]
. This was 
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backed up by the study of Young-Han Shin et al
[42]
, whose computing results based on 
the first principle theory showed that the energy barrier of the head-tail conformation in 
the neighbouring domain nucleus was lower than the head-head or tail-tail conformation, 
which could help the speed of the rotation propagation in the chains
[42]
. 
 
 
 
Figure 2. 37  Potential energy as a function of rotational angle θ in the chains at the centre of a 
hexagonal structure.
 [65]
 
 
Tashiro
[67]
 proposed a similar idea of dipole rotation in the chains during 
ferroelectric switching as a tilt in the carbon chains. On studying the phase transition 
between the cooled phase and the low-temperature phase in the P(VDF/TrFE), 
Tashiro
[67]
 pointed out that there could be a tilt in the low-temperature phase in 
P(VDF/TrFE) which was inherited from the cooled phase. This tilt is the angle between 
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the carbon chains and the applied electric field. The tilt affected the angles of the 
dipoles in the copolymer under an applied electric field. If the dipoles were parallel to 
the applied field, the tilt remained when the dipoles were aligned according to the 
applied electric field; if the dipoles were perpendicular to the applied field, the tilt 
disappeared when the dipoles were aligned. This was caused by a non-rigid 
conformation transition to Tashiro
[67]
. A similar idea was proposed by Furukawa to 
describe the conformation transition from the all-trans conformation to the trans-gauche 
conformation in a ‘soft mode’[5] (Figure 2. 38). The phase transition in the P(VDF/TrFE) 
is 1
st
 order transition, and Furukawa believed that this was caused by the discontinuous 
change in the angles of the dipoles during their rotation in the carbon chains in the 
phase transition (Figure 2. 38(b)). He proposed that the all-trans conformation at high 
temperature had a softened torsional mode and the amplitude of the vibration gradually 
increased with the increasing temperature. This laid the foundation of the idea that the 
dipoles rotate along the carbon chains during ferroelectric switching. 
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Figure 2. 38  (a) The temperature dependent energy barrier of the 1
st
 and 2
nd
 order phase transition 
in the soft mode. (b) Schematic illustration of the conformation change between the all-trans and 
trans-gauche conformations in the plane of the a and b axis.
[5] 
 
The rotation of the dipoles as the mechanism of ferroelectric switching was further 
modelled based on first principles theory and ab initio simulations. Su
[53]
 found that the 
energy barrier to generate a kink, which is a gauche pair in the all-trans conformation, 
was much lower in the P(VDF/TrFE) (14.9kcal/mol) than that in the pure PVDF 
(24.8kcal/mol) 
[3]
.  
Reneker et al
[54]
 simulated using ab initio methods that the domain walls were 
perpendicular to the direction of the carbon molecular chains in the neighbouring chain 
pairs, which was in agreement to the work of Ludwig
[52]
. According to the  results, the 
dipoles in the neighbouring chains rotated in pairs, one pair by another to keep a low 
energy potential of the whole system (Figure 2. 39). In this case, the molecular chains 
remained almost the same before and after rotation, and the energy of the total system 
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remained the same. This result is also in agreement with the description of the 180° 
domain walls in Dvey-Aharon’s work[65].  
The same model and calculations
[46]
 were applied to the P(VDF/TeFE) and showed 
good agreement
[70]
. 
 
 
 
Figure 2. 39  Domain boundaries in 5 carbon chains. The middle rectangle in shade shows the 
location of the centre of the boundary. The polarization directions are shown by arrows. The 
molecular chains are rotating gradually from the centre of the boundary which illustrates the rotation 
of the dipoles from the centre. The dipoles in the neighbouring chains are switching in pairs. The 
direction of the dipoles is reversed as the molecule passes through a twist boundary. 
[54]
 
 
A different model where the next-neighbouring dipoles in the same carbon 
molecular chains rotate at the same time to minimize the change of the system energy 
during rotation was calculated
[3]
. If the five dipoles  are taken into consideration, the 
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one in the middle (No.0) rotated and so did the two next-neighbouring dipoles at the 
positions ±2 (Figure 2. 40), while the two neighbouring dipoles at the positions ±1 
(Figure 2. 40) remained in their original positions as for the all-trans 
conformation
[3]
(Figure 2. 40).  The same model was also adapted in other first 
principle calculations
[47, 48]
 and showed good agreement in keeping the system energy 
barrier low. 
 
 
Figure 2. 40  Evolution of various torsion angles in the PVDF of the five neighbouring dipoles 
during transform from all-trans to trans-gauche conformation in switching. The plot at the top shows 
the notation: the restraint angle is applied to the bond of the dipoles that denoted 0. The closest 
neighbouring bonds to the restraint one (+1 and −1) remain in the all-trans conformation, while the 
next neighbouring bonds (+2 and −2) switch an angle to compensate for the angle changes in bond 0. 
The purple curve (pluses) shows that the average of the torsion angles remains at 180˚, which is 
topologically necessary since the chains are infinitely periodic. (a) Plot corresponds to restraint angle 
varying from 180˚ to 50˚ and (b) Plot reflects the reverse process.
[3]
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The experimental results showed that there were other possible models to keep the 
energy barrier low during the ferroelectric switching besides the models from the 
computing results. If the chains were assumed to be rigid according to the Ising 
model
[71]
 , the dipoles would only rotate around the chains in a restricted way in  
ultrathin films, such as a Langmuir-Blodgett dipped films, which are only a few 
monolayers thick. The dipoles were considered flat in the chain plane without an 
external electric field and change to the direction of perpendicular to the chains when 
subjected to an external electric field.
[71] 
The dipoles were observed to flip with a kink 
which would cause a shift along the carbon chains a distance of a half lattice spacing
[72]
. 
A 2 monolayer Langmuir-Blodgett dipped film showed completely flipped dipoles in 
the area right beneath the PFM tip, while the dipoles in the nearby areas were ‘flipped’ 
by an angle of θ in Qu’s experiment[72]. Two explanations were proposed based on this 
observation. One was that the electric field on the tip can only flip the dipole beneath it 
but not the surrounding dipoles; the other was that the dipole beneath the tip was 
completely flipped and it twisted the nearby bonds with an angle θ. The latter 
explanation suggested that there was an inter-action between the bonds in the same 
molecular chains, which was very similar to Su’s computing result[3]. This caused the 
molecular chains to shift a distance of half a lattice spacing perpendicular to the chain 
axis (Figure 2. 41), which was in agreement with the direction proposed by Bune et 
al
[71]
. On the other hand, if the voltage on the PFM tip was high enough to switch the 
top layer completely, there would not be a shift in the carbon chains
[72]
. The result was 
also backed up by the STM experimental result of Cai et al.
[73]
 In their work, not only 
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were the dipoles found to be flipped, and kinks generated, but the distortion in the 
lattice in the b axis was also calculated as 1/2 shorter perpendicular to the molecular 
chains, which was about 3.3±0.1 Å
[73]
 (Figure 2. 42). The sample was flipped at the 
same amplitude of 0.57V in the whole process. 
 
 
 
Figure 2. 41 3D view of STM image on a 2-monolayer Langmuir-Blodgett dipped P(VDF/TrFE) 
copolymer under the PFM tip. The dipoles were flipped in the separated areas indicated by the 
arrows at 0.57V, 20.57V and 0.57V respectively
[72]
. 
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Figure 2. 42 (a) The STM image on a P(VDF/TrFE) copolymer film at room temperature. Dipoles 
flipped by the tip bias voltage from 0.57 V to −0.57 V and then back to 0.57V. The arrows indicate 
the domain boundaries. (b) The “flip-reversal” model and (c) the “cant-reversal” model illustrate the 
dark dots which represent the bonds in diagram (a), stressed in the circular shadows in (b) and(c) 
[73]
.  
 
2.5.4 Rate theory- electric field loading rate dependent models 
Though Avrami’s model works in many cases, The Merz law showed that the 
nucleation rate could be affected by the temperature 
[62]. In the Merz’s law: 
' "
w w/ ~ exp( / )dn dt EPkT  ,                       (2.4) 
where n is the number of nucleation sites, σw
’
 and σw
”
 the wall energy per cm
2
 on the 
side wall and the front wall of the nucleus. Because t
*
~σw
’
/EP, l
*
~σw
”
/EP, and t
*
 and l
*
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represents the thickness and length of the nucleus respectively, l
*≫t*. It can be derived 
that σw
”
 ≫σw
’
. This means that the wall energy per cm
2
 is much higher at the front wall 
than at the side walls, and nucleation started forward growth first, which agrees with the 
nucleation mechanism by computation
[42]
. To include the temperature, electric field and 
stress influence on the nucleation rate, a rate theory based on the electric field loading 
rate was developed by Chong
[56]
 and its application on PZT-5H showed good agreement 
with the experimental results. 
The rate theory was applied by analysing the rate of the change of the polarization 
at the coercive field (Ec) where the rate of the change of the polarization is the fastest. 
The polarization rate at Ec, in the direction of applied field (E) can be described as
[56]
: 
  * *0
0 e
ˆ
xpE
U V n A
j j
kT
        
  
 
 
E P b
.                (2.5) 
And the rate of the shear strain at the same time can be described as  
  * *˙ 0
0
ˆ
exp
U V n A
kT
 
 
       
  
 
 
E P b
,               (2.6) 
where jE is the polarization rate under the applied electric field, j0 the rate of the change 
of the spontaneous polarization, ΔU the internal energy of the system, term 0
ˆ   E P  
the change of polarization on the unit electric field, V
*
 activation volume, τ the effective 
shear stress on the glide plane in the direction of the Burger’s vector ( b ), n the number 
of dislocations and A
*
 the activation area. 
The activation volume V
*
 is the critical volume when a nucleation reaches its 
stability and would keep on growing forward and eventually leads to domain switching. 
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A nucleation smaller than V
*
 may face the risk of back-switching and disappear. 
The rate of the change of the polarization was controlled by three factors, namely 
the work done by the thermal activation, the work done by the electric field and the 
work done by the strain. The work done by the electric field and strain can be 
represented by the change in the ferroelectric displacement produced by the formation 
of nucleus of a critical volume. 
The thermal activation energy can be obtained by 0
,
ln( / )
( 1/ )
E
j j
H
kT

 
   
  
 or 
0
*
0
/ ,
ˆ
j j
E
H V T
T 

         
E P  . The work done by the electric field and strain can be 
obtained by 
*
0
ˆ V   E P . So the internal energy can be calculated as 
*
0
ˆU H V      E P  . In the case of PZT-5H, the work done by the electric field 
was much higher than the work done by the thermal energy, and the ferroelectric 
switching was dominated by the non-180° domains. 
This rate theory was also applied to a ferroelectric organic polymer 
[H3CNH3]5[Bi2Br11]
[74]
 and had two different activation volumes at the low frequency 
(10Hz) and high frequency (100Hz). This ferroelectric switching metal organic 
compound was dominated by 180˚ domains solely and was highly thermally activated, 
which may be reason why it behaved so differently from PZT-5H. 
 
2.5.5 The decay of the rate of change of the polarization 
The rate of change of ferroelectric polarization gradually decreases with increase 
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of constant electric field above the coercive field. A depolarizing electric field could be 
the reason of this decay before the polarization reached its saturation value, as proposed 
by Von Seggern and his co-workers
[61]
. A closer look at this decay in the rate of change 
of the polarization before it reaches its saturation was taken by Viola et al, and 
mechanisms which caused this decay was proposed on the ferroelectric ceramic 
PZT-5A
[75]
. It was suggested that the decay of the rate of change of the polarization was 
controlled by two mechanisms, hardening and exhaustion. Hardening is the increase in 
the internal field produced by the increase value in the polarization state. It was found 
that this internal field had a linear relationship with the increasing polarization state 
(Figure 2. 43). Exhaustion is short for the exhaustion of the potential nucleation sites, 
which suggests that the rate of change of the polarization slowed down because of the 
lack of the potential nucleation sites to form new nuclei. These two mechanisms can be 
expressed as: 
 
 ln
ln
t P
a in
B
PV EP P
P
t k T P t
    
 
    
,                 (2.7)  
where P is the polarization, ρ the density of nucleation sites in a unit volume, Va the 
activation volume, Ein the internal field, kB the Boltzmann constant and T the absolute 
temperature. ρ and Ein are treated as independent of each other for simplicity here. The 
first term on the right side of the equation represents the exhaustion mechanism and the 
second term on the right side of the equation represents the hardening mechanism. It 
was found that the decay of the ferroelectric switching rate of the PZT-5A under 
constant electric fields was dominated by the hardening mechanism in the sub-coercive 
field region; while at a higher electric field, the decay of the ferroelectric switching rate 
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was dominated by the exhaustion mechanism 
[75]
. 
 
 
Figure 2. 43 Internal field at different polarization states in the loading part of the P-E loop
[75]
.
 
 
2.6 Summary 
In the reported research work, the three phases of P(VDF/TrFE) were determined. 
Different processing methods to obtain the ferroelectric LT phase were tried and 
reported, especially in the cast solution methods. However, there was no report on the 
sample prepared from drawn from melt, or how the ferroelectric performance these 
samples could be. Meanwhile, several models of the domains and ferroelectric 
switching were proposed based on the calculation and computing results. There is a 
possibility of the co-existence of 180° domains and non-180° domains in the 
P(VDF/TrFE) according to calculation based on the structure of its unit cell. The 
ferroelectric switching was believed to be caused by the propagation of the kinks 
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(gauche pairs) along the carbon molecular chains according to the computing results. 
But there is no critical experimental evidence to determine the dominance between the 
180° and non-180° domains during switching so far. In this case, the following chapters 
of this work is going to focus on the methods of drawn from melt (extrusion) and its 
ferroelectric performance in Chapter 4 and 5, starting from describing the experimental 
details in Chapter 3 as the next chapter. The switching mechanism at the coercive field 
under continuous changing electric field will be discussed in Chapter 6. The proportion 
of the non-180° domains in ferroelectric switching will be calculated as well. The 
mechanism of the decay rate of change of the polarization in P(VDF/TrFE) under 
constant electric field will be discussed in Chapter 7. 
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Chapter 3 Experimental Details 
 
3.1 Ferroelectric copolymer materials 
3.1.1 P(VDF/TrFE) Pellets 
P(VDF/TrFE) pellets of 77/23 mol% (72/28wt%) were purchased from Piezotech, 
France. The appearance of the pellets is shown in Figure 3. 1. The properties of the 
pellets are provided in the datasheet of Piezotech and listed in Table 3. 1. These pellets 
were processed in different ways which will be further explained in section 3.2. 
 
 
 
Figure 3. 1  Pellets of P(VDF/TrFE) 77/23 mol% (72/28wt%) bought from Piezotech, France. 
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Table 3. 1 Properties of P(VDF/TrFE) pellets purchased from Piezotech, France. 
Name P(VDF/TrFE) 
VDF:TrFE Ratio 77/23mol% or 72/28wt% 
Curie point(Tc) 135.1℃ 
Melting point(Tm) 146.4℃ 
Coercive field(Ec) 44.8kV/mm 
Remnant polarization(Pr) 0.054C/m
2
 
Enthalpy 21J/g@Tc, 30J/g@Tm 
 
3.1.2 Biaxially solid-state drawn P(VDF/TrFE )films  
Biaxially solid-state drawn films from cast solution films were provided by Prof. 
Qiming Zhang’s group, Pennsylvania State University, United States. The procedure of 
their film processing was as follows: the copolymers of P(VDF/TrFE) 68/32 mol% were 
dissolved in solvent Dimethyl formamide (DMF). The solution was cast on a smooth 
silicon dioxide glass to dry. The dried films were peeled off and biaxially stretched 5 or 
6 times of their original length. The stretched films were then annealed at 140℃ for 4 
hours to increase their crystallinity. The free-standing annealing procedure eliminated 
the pre-orientation, thus the films have no preferred orientations.  
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3.2 Processing Techniques 
The P(VDF/TrFE) copolymer pellets (Piezotech, France) were processed using a 
range of procedures and conditions, which included cast-stretching, hot-pressing and 
extrusion. Different cooling rates and heating temperatures were applied to investigate 
the effect of cooling rate and heat treatment temperature on the microstructures and 
properties of the films produced. 
 
3.2.1 Solid-state drawn films from cast solution (Cast-stretching film) 
3.2.1.1 Casting 
The thickness of the cast films was dependent on the concentration and volume of 
the solution, and the area of the petri dish that was used to cast. The optimal conditions 
to prepare good cast films was determined from experience. The DMF was chosen as 
the solvent because it was reported as a good solvent for P(VDF/TrFE)
[1]
. The solution 
was prepared by dissolving 1g P(VDF/TrFE) pellets (Piezotech, France) in 4g dimethyl 
formamide (DMF, Alderich Sigma 99%) in a clean beaker. The solution was 20wt%, so 
the cast film would be thick enough for the solid state-drawing. The solution in the 
beaker was kept at a temperature of 40℃ on a hot plate to accelerate the pellets 
dissolving rate. Meanwhile, the solution was also stirred with a magnetic stirrer for 2 
hours to accelerate the dissolving speed of the pellets and to keep the solution 
homogeneous. When all the pellets were dissolved, the magnetic stirrer was removed 
and the solution was cast onto a clean flat petri dish. The petri dish with the solution 
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was heated at 70℃ on a hot plate overnight to remove the DMF solvent. The dried 
transparent P(VDF/TrFE) cast film was peeled off carefully from the petri dish (Figure 
3. 2). The cast film was then cut into long film strips which were 8mm in width for 
uniaxial solid-state drawing.  
 
 
 
Figure 3. 2 Dried P(VDF/TrFE) cast film peeled off the petri dish. 
 
3.2.1.2 Solid-state drawing of cast solution films 
Solid-state drawing elongates the film and aligns the lamellae in the films, which 
may improve their ferroelectric properties
[1]
. The strips obtained from cast solution film 
were marked with intervals of 2mm as indicators of the drawing ratios. The strips were 
clamped at both ends with an even force in an Instron 4932 mechanical testing machine, 
and inside an oven (Figure 3. 3). The two clamps were aligned and the stripes 
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maintained in a straight and relaxed way when clamped, avoiding twisting or 
over-drawing. The oven was set to 80℃ to pre-heat the films for no less than 5 minutes 
in order to soften them. The total length of the strips between the two clamps was 
measured again before drawing because the strips could have stretched slightly when 
heated up. The strips were stretched at a speed of 0.5mm/min at 80℃ to avoid breaking. 
The strips were drawn up to 5 times their original length as reported in previously by 
others
[2, 3]
. This was found to produce uniform stretched films (Figure 3. 4). Because 
keeping the films clamped at their stretched positions during annealing prevents the 
copolymer chains in the films from relaxing back when drawn, some of the films were 
kept clamped and annealed at 140℃ under tension for 3 hours to study the effect of 
clamping during annealing, and some other films were taken off the clamps (relaxed) 
and annealed at 140℃ for 3 hours as the control group. The rest of the films were 
clamped and annealed at 140℃ for 6 hours to study the effect of annealing time under 
tension. The annealing procedure was carried out in the oven to maintain a stable 
temperature. 
After annealing, the oven was cooled down in air to room temperature. The films 
were kept in the clamped/relaxed conditions which were the same conditions for their 
annealing during cooling. The films showed filaments along the solid-state drawing 
direction and were found to be delicate and highly fragile. 
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Figure 3. 3 Marked cast film during solid state drawn in Instron. 
 
 
Figure 3. 4 Cast solution films before solid-state drawn (top) and after solid-state drawing (bottom) 
 
3.2.2 Hot-pressing 
Hot-pressing is a fast and easy way to produce uniform films by heating the 
materials to above their melting point and apply pressure at the same time so that the 
materials take up the shape and thickness of their moulds. A Platten Hot-Press Collin P 
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300E instrument was used for hot-pressing (Figure 3. 5). The mould for the 
P(VDF/TrFE) thin films was made from an aluminum foil of 75μm thickness. The shape 
of the mould was square, 4cm×4cm. The P(VDF/TrFE) 77/23mol% pellets (Piezotech, 
France) were poured into the mould. The mould and the pellets were covered by 
aluminium foil on the top and bottom sides, then sandwiched between two 3mm steel 
plattens to distribute the force uniformly on the pellets. The temperatures for 
hot-pressing were chosen as 140℃ (just below the pellets melting point), 148℃ (just 
above the pellets melting point) and 180℃ (well above the pellets melting point) to 
study the effect of temperatures on the morphology and crystallinity of the P(VDF/TrFE) 
77/23mol%. The pellets, foils and plattens were pre-heated up to one of the chosen 
temperatures and kept at that temperature for 5 minutes. A pressure of 5MPa was 
applied while maintaining the chosen temperature for another 5 minutes. After 
hot-pressing, three different cooling methods were used to study the effect of cooling 
rate. Some of the hot-pressed films were moderately cooled by the metal plattens in the 
Collin P 300E instrument; other films were removed from the instrument and fast 
cooled by plunging into a bucket of water at ambient temperature; the remainder of the 
films were removed from the instrument and rapidly cooled by plunging into a bucket 
of ice and water mixture at 0℃. The films were then peeled off from the aluminum foil 
at room temperature. The films cooled using the three different methods were all 
solid-state drawn. However, the hot-pressed and moderately cooled films could not be 
stretched at all and broke soon after the stretching started; the films that were fast 
cooled and rapidly cooled could be stretched by about 30% of their original length. 
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Figure 3. 5 model Collin P 300E for hot pressing and hot compression 
 
3.2.3 Extrusion 
Extrusion from a melt was applied to the pellets to study if extrusion could 
introduce alignment of the molecular chains at a similar draw-ratio to the solid-state 
drawn films. The pellet dose for every run was 10g according to previous experience. 
The pellets were poured into the DSM Micro 15 mini-extruder and heated to 175℃ to 
melt. The melting point of the pellets is 146.4℃. The pellets were heated to 175℃ 
without any signs of degradation. The melt was stirred for 5 minutes by dual-screws at 
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75 rpm (Figure 3. 6). The melt was then extruded through a die to produce films of 
roughly 100μm thickness. Some of the films were collected on the roller at 200 units (or 
3.4rpm, or 18.5cm/min) and moderately cooled in air at the ambient temperature. Some 
of the films were fast cooled by soaking in liquid nitrogen fume at about 0℃ before they 
were collected on the same roller at 200units (Figure 3. 7). This fast cooling method 
was to test if a fast cooling rate would allow the films to be solid-state drawn after 
collection. However, the extruded films cooled either in air or liquid nitrogen fume 
could not be solid-state drawn. 
Because the thickness of the films was determined by the rotation speed of the 
screws, the open height of the die, and the speed of the roller that was used to collect the 
films, the speed of the screws and the roller were optimized. The rotation speed of the 
screws was set to 75rpm to help stir and distribute the melt, based on experience of 
processing high-density polyethylene (HDPE). The open height of the die was 200μm. 
The draw ratio was the value of the cross-section of the die divided by the cross-section 
of the films collected. The cross-section of the die was 3.5cm×200μm. The cross-section 
of the films collected at the above conditions were 1.7cm×100μm. The draw ratio of the 
films was 
3.5 200
4.12
1.7 100
cm m
cm m





. This was close to the draw ratio of the solid-state 
drawn films (5 times). 
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Figure 3. 6  Mini-extruder opened to show the cavity. Red arrows indicate the two half cavities. 
 
 
Figure 3. 7  Schematic diagram of extrusion and film quenching in the liquid nitrogen fume before 
collection. 
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3.2.4 Hot-compression 
The extruded films were too thick to measure their ferroelectric hysteresis loops at 
100kV/mm, so they were compressed to make them thinner. The cold compression had 
little effect on the morphology of the copolymer
[4]
. Compression with heat treatment 
above the Curie point and below the melting point made the films sufficiently thin 
(between 30μm to 50μm) to enable their ferroelectric properties to be measured. The 
heat treatment also increased the size of the crystallites.
[5-7]
. The temperature of the 
hot-compression was chosen from 80℃, at which the copolymer softened during 
solid-state drawing, to 140℃, which is just below its melting point, at intervals of 20℃. 
In order to study what happened when the copolymer was hot-compressed at its Curie 
point
[8]
 (135℃), this temperature was also chosen as one of the hot-compression 
temperatures. So the extruded films were hot-compressed at 80℃, 100℃, 120℃, 140℃, 
and 135℃, at 5MPa for 5 minutes. The hot-compressed films were then moderately 
cooled by the plattens in the Collin P 300E instrument. The films were kept under 
compression during cooling. 
 
3.3 Preparation of samples for characterization 
3.3.1 Producing Cross-sections of the films 
The cross-sections of the films were studied to investigate the alignment of the 
lamellae. The films were soft, which made it difficult to break or tear them. They were 
embedded in an acrylic resin to seal the film, and make it brittle enough to produce a 
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cross-section. The acrylic resin was purchased from Franklin Dental. The acrylic resin 
package included a powder part and liquid part. When the powder part and the liquid 
part were mixed well in the ratio of 2:1, they released heat and then solidified. The 
cross-sections of the films were produced in the following steps. Firstly a piece of film 
was put in a plastic pipette which could easily cut open using a scalpel blade. Secondly, 
one unit cup, which came with the package, of the acrylic resin liquid part was poured 
into a plastic holder, followed by two unit cups of the acrylic resin powder part in the 
same plastic holder. The liquid and the powder were mixed well to produce acrylic resin 
solution. Thirdly, the pipette which had the film inside was used to suck the acrylic resin 
solution into the pipette. The film was then soaked in the acrylic resin solution in the 
pipette. Then it was left until the solution solidified. After this, a blade was used to cut 
open the pipette to retrieve the solidified acrylic resin with the film inside. A notch was 
made in the solidified resin. The solidified resin was brittle and easy to break from the 
notch. The film embedded in the resin broke at the same time to produce the 
cross-section. 
 
3.3.2 Etching the surfaces and cross-sections of the films 
The crystalline lamellae of the samples were surrounded by amorphous phase. This 
prevented direct imaging of the lamellae in scanning electron microscopy (SEM). 
Samples were etched in potassium permanganate solution to remove the amorphous 
phase. Potassium permanganate solution was reported to etch PVDF well
[9]
. The 
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potassium permanganate solution consisted of 100ml de-ionized(DI) water, 3.25g of 
Sodium Hydroxide and 5.00g of potassium permanganate. The steps to make the 
solution were as follows. Firstly, sodium hydroxide (99%, Sigma-Alderich, UK) was 
dissolved in the DI water, then potassium permanganate (powder, −325 mesh, 97%, 
Sigma-Aldrich) was dissolved into the same solution. The solution was placed on a hot 
plate at 80℃ to make sure that all the potassium permanganate was dissolved. The 
droppers were chosen as the holders of the P(VDF/TrFE) films because they did not 
chemically react with the potassium permanganate solution, and it was easier to locate 
the P(VDF/TrFE) films. The  P(VDF/TrFE) films were etched in the solution for 30 
minutes. This time duration was chosen based on the best experimental results among 
the films that were etched for 10 minutes, 30 minutes, 1 hour and 2 hours. The etched 
films were removed from the droppers, washed thoroughly using DI water and dried at 
room temperature. Because potassium permanganate is hazardous to the aquatic 
environment, the solution was kept in a sealed glass container for disposal. 
 
3.3.3 Coating the electrodes on the films 
Gold electrodes of diameters of 2mm and 5mm were chosen for the ferroelectric 
and impedance measurements because a metal electrode with higher work function 
decreased the contact barrier between P(VDF/TrFE) and the electrodes which applied 
more external electric field on the polymer films that was between 190nm and 200nm 
thick
 [10]
. The gold electrode was also advised by Qiming Zhang’s group, who produced 
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the biaxially stretched P(VDF/TrFE) films. The gold was evaporated onto the surfaces 
of the films below 2×10
-4
Pa at a rate of roughly 0.35nm/s to a thickness of 110nm on 
both sides. The mask used for the electrode shapes had holes of 2mm and 5mm in 
diameter respectively. 
 
3.4 Characterization 
3.4.1 X-Ray Diffraction 
X-ray Diffraction studies were performed on a PANalytical X’Pert PRO based on 
the continuous reflection scan. The wavelength of the X-ray used was 0.1541nm and 
0.1544nm of Cu α radiation. The scanning range was from 5˚ to 70˚ at a scan speed of 
1.2˚/min and a step size of 0.03˚. The samples were spun and scanned in the reflection 
mode. The studies were performed at room temperature and high temperatures. The 
samples were heated and cooled at a rate of 3K/min for the high temperature XRD 
studies. The samples were glued to a platten for the heating and cooling experiments. 
The glue used was X-ray insensitive and gave almost no signal. 
2-D XRD was performed on a Bruker APEX DUO. The sample was placed in a 
holder which rotated when the X-ray beam focused. The wavelength of X-ray used was 
0.1541nm and 0.1544nm of Cu α radiation. 
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3.4.2 Scanning Electron Microscopy 
Scanning Electron Microscopy was used to image the surfaces or cross-sections of 
the samples. An Oxford Instruments Inca X-act was used. Samples were mounted onto a 
holder with carbon cement. The samples were then coated with a layer of gold film 
which was a few nanometers thick to produce a good conductive surface and to protect 
the surface of the samples. The samples were not scanned until a vacuum of 10
-5
 Pa was 
reached. An electron beam of 2kV was used in order to protect the samples as they were 
very sensitive to high energy beams. A beam’s energy higher than 10kV damaged the 
samples by producing cracks on the surfaces.   
 
3.4.3 Atomic Force Microscopy 
Atomic force microscopy was used to image the topography of the samples. The 
samples were mounted on a smooth silica substrate. They were scanned in the 
semi-contact mode (tapping mode) to protect the sample surfaces during scanning. The 
model of the instrument used is an NT-MDT MOD-1M Plus using the NT-MDT SPM 
software. The AFM tips were Tap300-G, purchased from Budget Sensor. The resonance 
frequency of the cantilever was 300kHz. The length of the cantilever was 125μm and 
the force constant was 40N/m. This tapping mode tip applied a moderate force to the 
copolymer sample surface, which was strong enough to produce a signal but not too 
strong to damage the sample surface. The tip radius was within 10nm, which was sharp 
enough to produce AFM images of high resolution. A 10x microscope was used to help 
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align the laser on the cantilever and land the tip on the sample surface. 
The sharpness of an AFM image is determined by the radius of the AFM tip, the 
scan area, scan points and the scan speed. AFM images with good contrast were best 
produced in regions of films with smooth surface. A relatively large area was first 
scanned in order to find a smooth area. When the area was narrowed down to 5μm, the 
number of scan points was increased to produce sharp AFM images. The scan speed 
was set at 1 point/min based on previous experimental experience. This was because the 
tip tended to pick up particles from the surface and produce blurred images when the 
scan speed was set lower than 1 point/min. The scan area was zoomed in repeatedly 
until a smooth area of 2μm×2μm was achieved to produce images with high resolution.  
 
3.4.4 Differential Scanning Calorimeter 
A Differential Scanning Calorimeter (DSC822, Mettler Toledo, robot TS0801RO 
with Haake EK90/MT intra-cooler) was used to investigate the phase transitions in the 
P(VDF/TrFE) during heating and cooling segments. The data was collected and 
analyzed using the sTARE software. The crystallization and phase change peaks were 
quantified using the enthalpy data provided by Piezotech. The DSC samples were 
prepared by placing 4mg to 10mg of the copolymer films into the aluminum DSC 
holders. 
In order to make sure that the samples were measured accurately, the samples were 
heated from 20℃ up to 180℃ at 3K/min and held for 5 minutes; the samples were then 
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cooled down at the same rate to 20℃ and held for another 5 minutes. The samples were 
heated up once again to check how the films behaved when the thermal history from 
processing was removed. 
 
3.4.5 Fourier Transform Infrared Spectroscopy 
FTIR was used to reveal the molecular groups in the copolymer at room 
temperature. A Bruker Tensor 27 model was used (Figure 3. 8). The samples were 
placed between the detector and the platform. The results were compared with the FTIR 
peaks reported in the literature for P(VDF/TrFE)  to understand what molecular groups 
were in the copolymer, and to investigate if hot-compression had altered any groups in 
the extruded films.  
 
 
 
Figure 3. 8 FTIR model Tensor 27 with lid open showing the head used for films. 
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3.4.6 Ferroelectric polarization hysteresis loops 
3.4.6.1 Ferroelectric polarization measurements at room temperature 
The ferroelectric polarization hysteresis loop measurement equipment consisted of 
an arbitrary waveform generator (Agilent 33120A), a voltage input amplifier (Trek 
610E) with a maximum voltage of 10kV and a current pre-amplifier (Stanford Research 
Systems SR570) (Figure 3. 9 and Figure 3. 10). The software Pehys based on Labview 
8.2 was used to produce the waveform and amplitude of the voltage that was applied to 
the samples. It also collected the corresponding current signals from the current 
amplifier. The software plotted the I-E and P-E loops based on the signals collected. 
This software was provided by Mark Stewart from National Physics Laboratory. The 
sample was placed between two brass spring-loaded pins whose diameters were 2mm. 
The tips of the pins were rounded to protect the film. The base of the jig is made of 
PTFE to give a steady and non-conductive support (Figure 3. 11).  
 
 
 
Figure 3. 9 Schematic diagram of The ferroelectric polarization hysteresis loop measurement. 
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Figure 3. 10  The ferroelectric polarization hysteresis loop measurement set-up with safe lid open 
showing connections, jigs and hot stage 
 
The film samples with gold electrodes of 2mm in diameter were placed in between 
the spring-loaded brass pins of the jig (Figure 3. 11). The whole jig was soaked in the 
silicon oil (SIL300, Scientific purity, from ThermoFisher) to prevent breakdown during 
the measurements. The triangular waveform was used to apply voltage on the sample, to 
achieve a constant rate of change of  the voltage. 
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Figure 3. 11 Jig with spring-loaded brass pins placed in the silicon oil. The sample film was placed 
in between the pins.  
 
3.4.6.2 Ferroelectric polarization measurements at high temperatures (up to 70℃) 
The polarization measurement circuit and the software were the same as those used 
at room temperature. To achieve high temperatures, the sample film and the sample 
holder were placed in an aluminum container containing silicon oil (SIL300, Scientific 
purity, from ThermoFisher) which was heated on a hot stage (Heidolph MR 3001K). A 
thermo-couple was connected to the hot stage to control the temperature and heating 
rate. 
 
3.4.7 Dielectric properties 
3.4.7.1 Dielectric property measurements at room temperature 
An impedance analyzer, precision LCR meter, model Agilent 4294A with Agilent 
16034G test fixture was used to test the dielectric properties of the samples at room 
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temperature (Figure 3. 12). The samples with gold electrodes of 2mm in diameter were 
placed between the two spring loaded pins on the 16034G. The impedance analyzer was 
set to scan from 100Hz to 100MHz with 201 data points, recording Cp and D of the 
sample, which were used to calculate the real part ε’ and imaginary part ε” of the 
dielectric properties. 
 
 
 
Figure 3. 12 Impedance analyzer, Agilent 4294A with fixture jig. 
 
3.4.7.2 Dielectric properties measurement at high temperature 
Another impedance analyzer from Agilent, precision LCR meter model 4284A (20 
Hz to 1MHz) was used to measure the dielectric properties at high temperature (Figure 
3. 13). It was connected to a sealed box which could be cooled to liquid nitrogen 
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temperature or heated to high temperature (145℃) using a hot-stage. The capacitance 
and the loss tangent were measured versus temperature ranging from -80℃ to 145℃ at 
specific frequencies, ie,  500Hz, 1kHz, 5kHz, 10kHz and 100kHz. The sample was 
heated at the rate of 3K/min and moderately cooled in air. 
 
 
 
Figure 3. 13  Impedance analyzer, Agilent 4284A. 
 
3.4.8 Piezoelectric strain measurement (performed at NPL) 
The piezoelectric strain was measured using a commercial Piezoelectric Evaluation 
System (aixPES), which was purchased from aixACCT, Germany. The sample was 
placed in the sample holder manufactured by the same company and soaked in silicon 
oil. The mechanical displacement was detected using an infrared laser beam. The results 
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were collected and displayed by the software that came with the aixPES system. The 
maximum voltage available on this system was 10kV. A triangular waveform  in the 
frequency range from 5Hz to 100Hz was used to produce butterfly loops (strain-field). 
The sample was covered with gold electrodes of 5mm in diameter. 
 
Reference 
[1]G. Casar, X. Li, J. Koruza, et al. Electrical and thermal properties of vinylidene 
fluoride–trifluoroethylene-based polymer system with coexisting ferroelectric and 
relaxor states. J Mater Sci. 48. 7920-7926 (2013) 
[2]Cheng Huang, R. Klein, Feng Xia, et al. Poly(vinylidene fluoride-trifluoroethylene) 
Based High Performance Electroactive Polymers. IEEE Transactions on Dielectrics and 
Electrical Insulation. Vol. 11. No. 2: 299-311 (2004) 
[3]Z.-Y. Cheng, Dana Olson, Haisheng Xu, et al. Structural Changes and Transitional 
Behavior Studied from Both Micro- and Macroscale in the High-Energy 
Electron-Irradiated Poly(vinylidene fluoride-trifluoroethylene) Copolymer. 
Macromolecules. 35. 664-672 (2002) 
[4]K. Y. Takeshi Kanashima, and Masanori Okuyama Organic Ferroelectric 
Field-Effect Transistor Memory Using Flat Poly(vinylidene fluoride-tetrafluoroethylene) 
and Pentacene Thin Films. Japanese Journal of Applied Physics. 51. 2: 02BK06 (2012) 
[5]K. Kimura, K. Kobayashi, H. Yamada, et al. Orientation control of 
poly(vinylidenefluoride-trifluoroethylene) crystals and molecules using atomic force 
microscopy. Applied Physics Letters. 82. 23: 4050 (2003) 
128 
 
[6]K. Kimura, K. Kobayashi, H. Yamada, et al. Orientation Control of Molecular 
Chains in Polymers Using Atomic Force Microscopy. Japanese Journal of Applied 
Physics. 43. 7B: 4575-4579 (2004) 
[7]K. Kimura, K. Kobayashi, H. Yamada, et al. Study on orientation mechanisms of 
poly(vinylidenefluoride-trifluoroethylene) molecules aligned by atomic force 
microscopy. Applied Surface Science. 252. 15: 5489-5494 (2006) 
[8]M. Bai and S. Ducharme Ferroelectric nanomesa formation from polymer 
Langmuir–Blodgett films. Applied Physics Letters. 85. 16: 3528 (2004) 
[9]L. G. Molokanova, P. Y. Apel, V. V. Shirkova, et al. Etching of polyvinylidene 
fluoride with an alkaline solution of potassium permanganate. Russian Journal of 
Applied Chemistry. 81. 3: 465-470 (2008) 
[10]F. Xia and Q. M. Zhang Schottky emission at the metal polymer interface and its 
effect on the polarization switching of ferroelectric poly(vinylidene 
fluoride-trifluoroethylene) copolymer thin films. Applied Physics Letters. 85. 10: 1719 
(2004) 
 
 
 
 
 
 
 
129 
 
Chapter 4 Characterization of films 
 
Ferroelectric properties of P(VDF/TrFE) polymer films are related to their degree 
of  crystallinity, crystallite size and orientation. In order to study how processing 
affects the micro-structures of the films, P(VDF/TrFE) 77/23mol% pellets were cast 
stretched and annealed, hot-pressed, and extruded and hot compressed at different 
temperatures. Cast solution films were stretched to study its effect on preferred 
orientation of the films. The pellets were hot-pressed to study the effect of processing 
temperature and cooling rate. Extrusion and hot-compression were carried out to 
combine the advantages of aligning the lamellae by drawing from melt as was done by 
solid-state drawing of the cast-stretched films. The extruded films were then 
hot-compressed to control their thickness and as a quick heat treatment.  
 
4.1 Cast-stretched films 
The crystallinity of the ferroelectric β phase of the PVDF polymer was reported to 
reach a maximum (80%) when stretched by 5 times
[1]
, and the same can be expected for 
the copolymer as well
[2]
. Stretching also produces alignments of the lamellae
[3]
. Most of 
the reported results for stretching were carried out as solid-state drawing of cast solution 
films. This experiment was repeated to find out the reason that cast solution films can be 
stretched.  
The samples obtained using the cast-stretching method included cast solution film, 
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cast and annealed (140℃) film, cast-stretched (80℃) film annealed (140℃) for 3 hours 
unclamped, cast-stretched film annealed for 3 hours clamped and cast-stretched film 
annealed for 6 hours clamped. 
The stretched and un-stretched films on annealing were compared to study how 
stretching could affect the orientation of the lamellae and crystallinity of the film. The 
clamped and un-clamped films on annealing were compared to study if aligned lamellae 
produced by stretching remained when the applied tension was removed during 
annealing. The annealed films of 3 hours and 6 hours were compared to study if the 
annealing time affects the samples after stretching. 
 
4.1.1 Characterization of the cast-stretched films 
4.1.1.1 XRD of the cast-stretched films 
The XRD peak at 19.9˚, which represents the ferroelectric low-temperature (LT) 
phase (as β phase), is low in intensity in the cast solution film compared to the films that 
follow, which indicates a low volume of crystallinity of the LT phase (Figure 4. 1(a)). 
Meanwhile, it also has a broad shoulder below 19˚, which suggests that it is highly 
amorphous. There is also a peak at 18.49˚ that represents the (020) of the α phase in 
PVDF
[4]
, which also represents the high-temperature (HT) phase in P(VDF/TrFE)
[5]
. 
After the cast solution film was annealed, the peak at 18.49 ˚ disappeared, which 
suggests that the HT phase transformed into the LT phase in the P(VDF/TrFE) during 
annealing (Figure 4. 1(b)). When the cast solution sample was stretched 5 times and 
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annealed, the 19.9˚ peak which represents (200)/(110) lamellae planes was sharp and 
strong (Figure 4. 1(c)). The peaks of (001)/(310)/(020) and (111)/(201)/(400)/(220) at 
35º and 42º respectively in the cast-stretched and annealed film are faint compared to 
the (200)/(110) peak. This indicates that stretching aligned the carbon molecular chains, 
which is also the direction of the c axis. The molecular chains are parallel to the 
drawing direction, which produces preferred orientation of the (200)/(110) planes. The 
XRD result of the stretched film that was clamped when annealed (Figure 4. 1(d)) does 
not show any significant difference compared to the un-clamped stretched films after 
annealing (Figure 4. 1(c)). This suggests that the uniaxial stretching was the main 
reason for the preferred orientation of the lamellae. The stretched sample that was 
annealed for 6 hours instead of 3 hours when clamped also shows a sharp and intensive 
(200)/(110) peak for the LT phase, and the other peaks are faint (Figure 4. 1(e)). The 
result is same as that in the cast-stretched film annealed for 3 hours (Figure 4. 1(d)). 
This suggests that the annealing time did not have a significant effect on the orientation 
of lamellae. 
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Figure 4. 1  XRD of cast solution films: (a) cast solution films; (b) cast solution films annealed at 
140℃ for 3 hours; (c) cast film stretched to 5 times of its original length and annealed at 140℃ for 3 
hours without clamping; (d) cast film stretched to 5 times of its original length and annealed at 140℃ 
for 3 hours while clamped; (e) cast film stretched to 5 times of its original length and annealed at 
140℃ for 6 hours while clamped. 
 
The 2-D XRD of the cast-stretched film which was annealed for 3 hours while 
clamped shows two bright arcs (Figure 4. 2). This is strong proof of aligned lamellae. 
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The distance of the arcs to the center of the diffraction pattern was calculated as 19.89˚, 
which corresponds to the (200)/(110) planes. This is in agreement to the results in 
Figure 4. 1 that the (200)/(110) planes have preferred orientation for the stretched films . 
 
 
 
Figure 4. 2 2-D XRD of cast film stretched to 5 times of its original length and annealed at 140℃ for 
3 hours while clamped. Arrow indicates the stretching direction.  
 
4.1.1.2 SEM of the cast-stretched films 
The SEM image of the cast solution film showed a crumpled surface morphology 
with features of about 3μm wide, which suggested amorphous phase (Figure 4. 3(a)). 
No lamellae or grains can be seen in this image. After the cast film was annealed, 
lamellae of about 100nm in length were observed, and had no preferred orientation of 
the lamellae (Figure 4. 3(b)). This shows that annealing alone does not produce 
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preferred orientation of the lamellae, which is consistent with the result in Figure 4. 1(b). 
Aligned filaments are observed on the surface of the cast-stretched and annealed films 
(Figure 4. 3(c-e)). The direction of the filaments is consistent with the stretching 
direction, as the arrows in Figure 4. 3(c-e) show. There is no significant difference in 
filament alignment between the samples annealed while clamped and un-clamped, 
which is in agreement with the results of XRD for annealed samples (Figure 4. 1(c-e)). 
This is also consistent with the 2-D XRD pattern (Figure 4. 2) that stretching produced 
aligned molecular chains and filaments.  
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Figure 4. 3 SEM of cast solution films: (a) cast solution films; (b) cast solution films annealed at 140℃  
for 3 hours; (c) cast film stretched to 5 times of its original length and annealed at 140℃  for 3 
hours without clamping; (d) cast film stretched to 5 times of its original length and annealed at 140℃  
for 3 hours while clamped; (e) cast film stretched to 5 times of its original length and annealed at 
140℃ for 6 hours while clamped.  
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4.1.1.3 AFM of the cast-stretched films  
The AFM image of a cross-section region of a cast-stretched and then annealed 
film show small pillar like crystallites (Figure 4. 4). This is in agreement with the 
aligned filaments in the SEM image (Figure 4. 3(e)). The frame of the whole picture is 
10μm×10μm, so the standing grains are about 1.5μm in diameter. This is thicker than 
the lamellae diameter which are usually about 10nm according to the reported 
literature
[6, 7]
. This suggests that the crystallites shown here are the cross-sections of the 
filaments formed by the lamellae tangled together. 
 
 
 
Figure 4. 4  AFM cross-section of cast film stretched to 5 times of its original length and annealed 
at 140℃ for 3 hours while clamped. Frame size: 10μm ×10μm. 
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4.1.2 Discussion 
The cast films could be stretched to obtain lamellae with preferred orientation. The 
cast and annealed films could not be stretched. This is because the cast films were 
highly amorphous before annealing accroding to the XRD (Figure 4. 1(a,b)) and SEM 
images (Figure 4. 3(a,b)). Once the films were annealed, the lamellae crystallized and 
the film became difficult to stretch. This was the reason why only cast films can be 
stretched. The peak of the LT ferroelectric phase in the XRD results of the cast solution 
films has a higher intensity after annealing (Figure 4. 1(b)) than that before annealing 
(Figure 4. 1(a)). The peak corresponding to the amorphous phase in the cast solution 
films disappeared after annealing. This suggests that annealing enhances the 
crystallinity of the sample. The stretched films had higher crystallinity and aligned 
filaments with preferred orientation (Figure 4. 1(c) and Figure 4. 3(c)) compared to the 
unstretched films (Figure 4. 1(b) and Figure 4. 3(b)). This suggests that stretching 
helped to faciliate the crystallinity of the LT ferroelectric phase as well as annealing, 
and stretching introduced preferred orientation in the lamellae alignment. The 
cast-stretched film annealed while unclamped (Figure 4. 1(c) and Figure 4. 3(c)) and 
clamped (Figure 4. 1(d) and Figure 4. 3(d)) showed no obvious difference, suggesting 
that if the sample was cast stretched and annealed immediately, the alignment of the 
filaments remains.   
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4.1.3 Conclusions 
Highly oriented lamellae could be obtained by uniaxial stretching cast films. The 
annealing helped to increase the preferred orientation of the lamellae and enhace the 
crystallinity of the ferroelectric phase. However, annealing alone without stretching did 
not produce preferred orientation of the lamellae. The annealing time had no great effect 
on the lamellae orientation if the sample was annealed immediately after stretching and 
was annealed for no less than 3 hours. Stretching not only introduces preferred 
orientation of the lamellae, but fincreases the crystallinity of ferroelectric phase during 
annealing. The cast solution films can be stretched. However, once annealed, the film 
was crystallized and not suitable for stretching any more. 
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4.2 Hot-pressed films 
Hot-pressing can be considered as a combined process involving quick heat 
treatment between 10 to 30 minutes at high temperatures and pressing at the same time. 
The hot-pressed films were produced by hot-pressing pellets and then cooled 
moderately by the plattens or fast in water at ambient temperature, or rapidly in a 
mixture of ice and water (0℃). The purpose of the different cooling methods was to 
study how the cooling rate affected the crystallinity of the samples. Since hot-pressing 
applies an isotropic force in the hot-pressed plane, the sample should show no 
preferential orientations in the hot-pressed plane. Both the moderately and fast cooled 
samples could not be solid state drawn. 
 
4.2.1 Characterization of the hot-pressed films 
4.2.1.1 XRD of the hot-pressed films 
The hot-pressed films were opaque after processing. The hot-pressed films 
prepared at 180˚C that were moderately cooled by the plattens and then i) not annealed, 
ii) annealed (140˚C), and iii) stretched (broken halfway) and annealed all showed sharp 
peaks at 19.9˚ corresponding to the (200)/(110) planes of the LT phase (β phase) (Figure 
4. 5). There are two smaller peaks at about 35˚ and 42˚ which represent the 
(001)/(310)/(020) planes and (111)/(201)/(400)/(220) planes of the LT ferroelectric 
phase (β phase) respectively. The XRD results revealed no significant difference 
between the three different films (Figure 4. 5). A sample that was only hot-pressed 
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broke during stretching because it was highly crystallized already after the hot-pressing. 
This indicates that the time duration of the heat treatment during the hot-pressing was 
enough to highly crystallize the samples This explains why the sample looked opaque 
compared to the transparent cast films, which were highly amorphous. The appearance 
of the two small peaks of the (001)/(310)/(020) planes and (111)/(201)/(400)/(220) 
planes suggests that the lamellae in the hot-pressed samples do not have a preferred 
orientation (Figure 4. 5).  
 
 
141 
 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
0
200
400
600
0
100
200
300
0
200
400
600
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
 
In
te
n
s
it
y
 (
a
.u
.)
2-theta(Degree)
HP-moderately cooled
(001)
(310)/(020)
(001)
(310)/(020)
(200)/(110)
(200)/(110)
 
In
te
n
s
it
y
 (
a
.u
.)
HP-moderately cooled-annealed
(111)/(201)
(400)/(220)
(111)/(201)
(400)/(220)
(111)/(201)
(400)/(220)
(001)
(310)/(020)
(c)
(a)
 
 
In
te
n
s
it
y
 (
a
.u
.)
HP-moderately cooled-stretched-annealed
(200)/(110)
(b)
 
Figure 4. 5  XRD results of the hot-pressed (HP) films moderately cooled by plattens: (a) without 
stretching or annealing; (b) annealed without stretching; (c) annealed after stretching. 
 
The hot-pressed (180°C) and fast cooled in water films also showed three clear 
peaks at 19.9˚, 35˚ and 42˚ respectively in the XRD results (Figure 4. 6). This shows 
that hot-pressed and fast cooled films are crystallized, but do not have a preferred 
orientation, which is similar to the films moderately cooled by the plattens. However, 
the hot-pressed and fast cooled film without annealing shows a faint shoulder just 
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before the (200)/(110) peak at 19.9˚ (Figure 4. 6(a)). This is different from the 
hot-pressed and moderately cooled film without annealing (Figure 4. 5(a)), and it 
suggests that cooling rate affects the crystallization of the films. As reported in the 
previous work
[8], PVDF can transfer into the α phase or the γ phase depending on the 
cooling rate and cooling temperature. A fast cooling rate produces a high proportion of 
the α phase in PVDF and cooling around 160°C produces the γ phase.  This 
phenomenon might apply to the copolymer as well.  
The hot-pressed and fast cooled in water films were annealed at 140℃ for 3 hours. 
There was no obvious change in the ferroelectric LT phase at 19.9° compared to the 
hot-pressed and fast cooled in the water only films in the XRD data (Figure 4. 6(b)). 
This suggests that the hot-pressed and fast cooled in water only films already had high 
crystallinity of the LT phase. 
A hot-pressed and fast cooled in the water film was stretched and broke halfway. 
Its XRD result showed high crystallinity in the ferroelectric LT phase at 19.9° (Figure 4. 
6(c)). This suggests that the all-trans conformation in the LT phase was not suitable for 
solid-state drawing. The amorphous phase or the gauche conformation is more suitable 
for solid-state drawing. 
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Figure 4. 6 XRD results of hot-pressed (HP) films fast cooled in the water: (a) without stretching or 
annealing; (b) annealed without stretching; (c) annealed after stretching. 
 
In order to study how the cooling rate affected the crystallization of the films, the 
copolymer was hot-pressed up to 180℃ and rapidly cooled in a mixture of ice and water 
at 0℃ to increase the difference between the hot-pressing temperature and cooling 
temperature, and the cooling rate. Another two copolymer samples were i) hot-pressed 
at 140℃ and rapidly cooled in the mixture of ice and water, and ii) hot-pressed at 180℃ 
and moderately cooled by the plattens to compare. The film that was hot-pressed at 180℃ 
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and rapidly cooled in the mixture of ice and water shows a broad shoulder below 19˚ 
and a peak at 18.49˚ in addition to the peak of the ferroelectric phase at 19.9˚ (Figure 4. 
7(b)). This is similar to the cast solution film (Figure 4. 1(a)). This indicates the return 
of the amorphous phase and the non-ferroelectric HT phase (γ phase). The XRD result 
of the film that was hot-pressed at 140℃ and then rapidly cooled in a mixture of ice and 
water showed a sharp ferroelectric peak at 19.9˚ and no broad shoulder (Figure 4. 7(a)), 
indicating that the film was well crystallized. The sample that was hot-pressed at 180℃ 
and moderately cooled by plattens also shows the ferroelectric peak at 19.9˚ only but no 
broad shoulder (Figure 4. 7(c)). This indicates that with a greater difference between the 
hot-pressing temperature and the cooling temperature, or a faster cooling rate, the 
sample is more likely to form the non-ferroelectric phase or amorphous phase. This may 
have been caused by the less time available for the copolymer to crystallize during rapid 
cooling. The copolymer could have crystallized mostly into the LT ferroelectric phase if 
it was given enough time to crystallize. The film could have high crystallinity even 
when there was a huge difference between the hot-pressing temperature and cooling 
temperature just as the film hot-pressed at 180℃ and moderately cooled by the plattens 
(Figure 4. 7(c)).  
All three samples were stretched afterwards and only the sample that was 
hot-pressed at 180℃ and rapidly cooled in the mixture of ice and water could be 
stretched slightly at a draw ratio of 1.7. This is probably due to its relatively high 
content of amorphous phase. 
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Figure 4. 7 XRD results of hot-pressed films with different hot-pressing temperatures and cooling 
methods: (a) hot-pressed at 140℃ and rapidly cooled in a mixture of ice and water; (b) hot-pressed at 
180℃ and rapidly cooled in a mixture of ice and water; (c) hot-pressed at 180℃ and moderately 
cooled by the plattens. 
 
The 2-D XRD ring pattern for the hot-pressed (180°C) and fast cooled in water 
sample shows two full rings. (Figure 4. 8) The inner ring was at 19.89˚ and the outer 
ring was at 35.1˚. The full rings pattern shows that there is no preferred orientation of 
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the lamellae. This matches the assumption that hot-pressing does not produce preferred 
orientation in the pressing plane. 
 
 
 
Figure 4. 8 2-D XRD results of hot-pressed films hot-pressed at 140℃ and rapid cooled in the 
ice-water mixture. 
 
4.2.1.2 SEM of the hot-pressed films 
The SEM images of hot-pressed films show random lamellae in both moderately 
and fast cooled films (Figure 4. 9(a-f)). The cracks in the films were produced by the 
high energy electron beam (10kV) (Figure 4. 9(a-c)). The rice-shaped lamellae can be 
seen clearly (Figure 4. 9(a-c,f)). However, the lamellae appeared to be surrounded by an 
amorphous phase because the samples were not etched (Figure 4. 9(d,e)). The lamellae 
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in moderately cooled samples were much larger and clearer than those in the fast cooled 
films, which suggests that the lamellae had more time to grow during the moderate 
cooling processing. The hot-pressed films all have randomly aligned lamellae (Figure 4. 
9). This is consistent with the XRD results (Figure 4. 6 and Figure 4. 7) that 
hot-pressing has an isotropic force in the pressing plane and does not produce lamellae 
alignment.  
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Figure 4. 9  SEM results of the hot-pressed at 180°C films: (a) moderately cooled by plattens; (b) 
moderately cooled by plattens and annealed; (c) moderately cooled by plattens, stretched at 80°C 
(broke) and annealed; (d) fast cooled in water; (e) fast cooled in water and annealed; (f) fast cooled 
in water, stretched at 80°C (broke) and annealed. 
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4.2.1.3 AFM of the hot-pressed films  
The surface of the hot-pressed and moderately cooled film was imaged by AFM. 
The lamellae were randomly stacked which further proved that hot-pressing has no 
effect on the orientation of the lamellae within the pressing plane (Figure 4. 10). The 
result is in agreement with the XRD and SEM results (Figure 4. 6-Figure 4. 9). 
 
 
 
Figure 4. 10 AFM of hot-pressed films and cooled with plattens. Frame size is 2μm×2μm. 
 
4.2.2 Discussion 
The 2-D XRD ring pattern of hot-pressed and fast cooled in water film shows full 
rings, which suggests no preferred orientation of lamellae (Figure 4. 8). Hot-pressing 
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applies an isotropic force in the pressing plane of the sample and hot-pressing alone 
produced no contribution to the lamellae alignment or a preferred orientation of the 
molecular chains. 
Only the sample that was hot-pressed at 180℃ and rapidly cooled in a mixture of 
ice and water could be stretched slightly. It contained a significant amount of the 
amorphous phase corresponding to the broad shoulder in its XRD result (Figure 4. 7(b)), 
which was similar to that of the cast solution film (Figure 4. 1(a)). This suggests that the 
amorphous phase plays an important role in whether or not a film can be stretched. This 
also suggests that a fast cooling rate may produce amorphous phase in the copolymer 
films. 
 
4.2.3 Conclusion 
Hot-pressing served as a combined quick heat treatment and pressing process. It 
applied an isotropic force on the pressing plane and had no contribution to the 
alignment of the lamellae. The sample could only be stretched when it had the 
amorphous phase, which could be produced by using a fast cooling rate after 
hot-pressing. 
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4.3 Extruded films 
The parameters for processing the extruded films were defined on the basis of 
experience from processing the cast and hot-pressed films. The melt and extrusion 
temperature was set to 175℃. The films extruded from melt tend to have a preferred 
orientation of the lamellae
[2, 9]
 due to the molecular chains being drawn in the direction 
of extrusion. The extruded films were collected in air (abbreviation for Ext_Air in 
figures) and a liquid nitrogen fume (abbreviation for Ext_N2 in figures) in order to 
study the effect of the cooling rate and the cooling temperature. The films were then 
hot-compressed at different temperatures from 80℃ to 140℃ to control the thickness of 
the films without melting the films. The temperatures were also chosen to study the 
effect of quick heat treatment on the films. It is reported that stretching after extrusion 
does not contribute to an increase in the total crystallinity
[3]
. 
 
4.3.1 Characterization of the extruded films 
4.3.1.1 XRD of the extruded films 
The results of extruded films collected in air and hot-compressed at different 
temperatures (80°C, 100°C, 120°C, 135°C and 140°C) are shown in Figure 4. 11. There 
is a sharp peak at around 19.9°~20.2º, corresponding to the (200)/(110) planes of the LT 
ferroelectric phase. There are also second and third strong peaks at 35° and 40°, which  
correspond to the (001)/(310)/(020) and (111)/(201)/(400)/(220) planes respectively. 
There is almost no broad shoulder before the main peak for (200)/(110), which means 
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that the films were highly crystallized. The main peak for the samples hot-compressed 
at 100℃ and 120℃ have a smaller Full Width Half Maximum (FWHM) with values of 
0.66 and 0.68. This suggests that these two samples have thicker lamellae than the 
samples hot-compressed at other temperatures (80℃, 135℃ and 140℃). This indicated 
that the thickness of the lamellae increased with the increasing temperature of 
hot-compression between 80℃ and 120℃. The temperature was close to the Curie point 
at 135℃, so there might have been melt in the edge of the lamellae that the thickness of 
the lamellae decreased as the previous work reported
[10]
 at this temperature.  
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Figure 4. 11 XRD results of extruded films collected in air (Ext_Air). Films were hot-compressed at 
different temperatures at 80℃, 100℃, 120℃, 135℃ and 140℃. The “Origin” in the graph stands for 
the extruded films without hot-compression.  
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The XRD results of extruded films collected in liquid nitrogen fume and then 
hot-compressed at different temperatures are shown in Figure 4. 12. The main peak at 
19.9º of (200)/(110), the second and third peak at 35º and 40º for (001)/(310)/(020) and 
(111)/(201)/(400)/(220) respectively correspond to the  ferroelectric LT phase.  
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Figure 4. 12 XRD results of extruded films collected in liquid nitrogen fume (Ext_N2). Films were 
hot-compressed at different temperatures at 80℃, 100℃, 120℃, 135℃ and 140℃. The origin in the 
graph stands for the extruded films without hot-compression.  
 
 
The extruded film collected in liquid nitrogen fume without hot-compression 
showed a shoulder in the XRD plot before the main peak of (200)/(110) at 19.9º, which 
was not shown in the extruded film collected in air without hot-compression.(Figure 4. 
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11 and Figure 4. 12). This indicates that the extruded film collected in liquid nitrogen 
fume contained more amorphous phase than the extruded film collected in air. The 
amorphous phase could be caused by the rapid cooling rate of extruded film collected in 
liquid nitrogen fume, which was in agreement with what was found in the hot-pressed 
films (Section 4.2.3).  
The lamellae thickness was calculated by using the Scherrer equation (Equation 
(4.1)). The lamellae thickness was calculated from Full-Width Half-Maximum (FWHM) 
of the (200)/(110) peak at 19.9º. The FWHM were found by Gaussian fitting with 
removal of the background. The results are listed in Table 4. 1, and are plotted in Figure 
4. 13.  

λK
τ
βcosθ
   ,                       (4.1)  
where τ is the mean size of the ordered crystallites. Since the XRD results were obtained 
from a reflection pattern produced with a spinning stage, the size reflects the mean 
width of the lamellae; K is a dimensionless shape factor, which was taken as 0.9; λ is the 
wavelength of X-ray beam, which was taken as 0.154nm; β is the line broadening at 
Full width at half maximum (FWHM) given by Gaussian fitting; and θ is the Bragg 
angle. 
The FWHM of the extruded films decreased with the increasing hot-compression 
temperature up to 120℃, which was in agreement with the increase in the lamellae 
thickness between 10.7nm and 12nm. The trend is shared by both extruded films 
collected in air and liquid nitrogen fume. The lamellae thickness of films 
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hot-compressed at 135℃ and 140℃ dropped drastically compared to the films 
hot-compressed at 120℃ for extruded films collected in air or liquid nitrogen fume. This 
suggests that hot-compression (120℃) served as a quick heat treatment process to 
increase the thickness of the lamellae. While at 135℃, where the temperature was close 
to the Curie point, the size of the ferroelectric crystallites decreased. This was in 
agreement with previously reported work
[11]
. It suggested that either the ferroelectric 
crystallites changed into paraelectric phase and this produced a decrease in the lamellae 
average thickness, or the edge of ferroelectric crystallites softened and melted at the 
temperature of 135℃ as previously reported [10, 12-15], which caused the decrease in the 
lamellae thickness. 
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Table 4. 1 lamellae thickness calculated from Peak position and Full Width Half Maximum, data 
obtained from XRD results in Figure 4. 11 and Figure 4. 12. 
Sample Θ FWHM (degree) 
Lamellae 
Thickness(nm) 
Ext_Air_Origin 20.15 0.74 10.8 
Ext_Air_80˚C 20.18 0.70 11.5 
Ext_Air_100˚C 20.08 0.66 12.3 
Ext_Air_120˚C 20.11 0.68 11.9 
Ext_Air_135˚C 20.12 0.78 10.3 
Ext_Air_140˚C 20.06 0.82 9.8 
Ext_N2_Origin 20.09 0.74 10.9 
Ext_N2_80˚C 20.11 0.69 11.7 
Ext_N2_100˚C 20.12 0.65 12.2 
Ext_N2_120˚C 20.11 0.62 12.9 
Ext_N2_135˚C 20.18 0.79 10.1 
Ext_N2_140˚C 20.04 0.80 9.9 
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Figure 4. 13 lamellae sizes calculated from XRD results. Calculation results are shown in Table 4.1, 
X axis represent the hot-compression temperature and y axis representing the grain sizes calculated. 
The lines are guidance for the eye as a tendency. 0℃ of hot-compression temperature refers to the 
sample without hot-compression. 
 
4.3.1.2 2-D XRD of the extruded films 
The extruded films collected in air and liquid nitrogen fume without 
hot-compression and hot-compressed at 120℃ were chosen for 2-D XRD diffraction 
analysis (λ=0.8857A
ͦ
) to reveal how hot-compression or quick heat treatment affected 
the orientation of the molecular chains. A temperature of 120℃ was chosen because the 
lamellae thickness increased at this temperature (Figure 4. 13).  
The extruded films had oriented molecular chains in the direction of extrusion 
(Figure 4. 14(a) and (c)). This shows that extrusion introduced preferred orientation of 
the molecular chains in the films, and hot-compression did not damage this preferred 
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orientation. The alignment of the carbon molecular chains is in the direction of 
extrusion. 
 
 
  
  
Figure 4. 14 2-D XRD ring pattern of: (a) extruded film collected in air without hot-compression; (b) 
extruded film collected in air with hot-compression at 120℃; (c) extruded film collected in liquid 
nitrogen fume without hot compression; and (d) extruded film collected in liquid nitrogen fume with 
hot-compression at 120℃. Arrows indicate the extrusion direction. 
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The arcs in the 2-D XRD diffraction patterns (Figure 4. 14) were integrated into an 
Intensity vs Azumith plot (Figure 4. 15) to show the distribution of crystallites 
according to orientation. Gaussian fittings of the plots were used to calculate the 
Herman’s factor, which quantifies the preferred orientation factor of the extruded films 
(Table 4. 2). The Herman’s factor is expressed as  
23 cos 1
2
f
  
 ,                       (4.2) 
where 
22
2 0
2
0
( )sin cos
cos
( )sin
I d
I d


   

  
 


, φ the Azumith angle in the Gaussian fittings. 
The Herman’s factor ranges between 0 and 1, where 0 represents total 
random-orientation, and 1 total alignment in one direction in the polymer. 
The results show that the extruded films collected in air and liquid nitrogen fume 
had Herman’s factors of 0.53 and 0.51 respectively. When hot-compressed, both of them 
showed increased preferred orientation at 0.80 and 0.84 respectively. This is close to the 
Herman’s factor of the cast-stretched and annealed film without clamping whose value 
is 0.83, which suggests the alignment of the carbon molecular chains in the extruded 
films that hot-compressed at 120℃ is comparable to the solid-state drawn film. The 
increase in the Herman’s factor of the extruded and hot-compressed film could be 
produced by compressing the lamellae which aligned with a tilting angle from the film 
surface plane into the plane due to the applied force. Another explanation could be the 
epitaxial crystallization of amorphous phase into the orientation of original crystallites 
which increased the proportion of the crystallites aligned in the pre-orientation
[16, 17]
. 
Both the applied force and temperature could have contributed to the improvement of 
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orientation. The possibility of growth in the crystallite size is consistent with the 
increasing lamellae thickness between 80℃ and 120℃ calculated from the XRD results. 
(Figure 4. 13)  
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Figure 4. 15 Integration and Gaussian fitting on Azimuth 180℃ from 2-D XRD diffraction pattern of: 
(a) extruded film collected in air without hot-compression; (b) extruded film collected in air with 
hot-compression at 120℃; (c) extruded film collected in liquid nitrogen fume without hot 
compression; and (d) extruded film collected in liquid nitrogen fume with hot-compression at 120℃ 
in Figure 4. 14. 
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Table 4. 2 Full Width Half Maximum (FWHM) and Herman’s factor calculated from Gaussian 
fitting from 2-D XRD in Figure 4. 15. 
Sample FWHM Herman's factor 
Ext_Air_Origin 56.75 0.53 
Ext_Air_120℃ 32.86 0.80 
Ext_N2_Origin 51.04 0.51 
Ext_N2_120℃ 28.30 0.84 
 
 
4.3.1.3 High Temperature XRD of the extruded films 
Extruded films collected in air and liquid nitrogen fume were studied using XRD at 
high temperatures to investigate how the temperature of the hot-compression modified 
the sample. The samples were heated from room temperature to 145℃ which was just 
below the melting point, and cooled down to room temperature. The heating rate 
between the room temperature and 70℃ was 10℃/min to avoid unnecessary heat 
treatment. The heating rate between 70℃ and 145℃ was 3K/min to be consistent with 
the heating rate in DSC and high temperature dielectric measurement. The cooling rate 
was 3K/min between 145℃ and 70℃, and as fast as possible between 70℃ and room 
temperature. The XRD results were taken at room temperature and between 70℃ and 
145℃ at intervals of 10℃ (Figure 4. 16 and Figure 4. 18). The results from room 
temperature show clear peak of the (200)/(110) planes at 19.9˚. The peaks at 40˚, 46˚ 
and 68˚ are from the platinum substrates used to support the sample (Figure 4. 16 and 
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Figure 4. 18). The (200)/(110) peaks in extruded samples collected in air have a 
tendency to increase with increasing temperature. It then decreased quickly at 130℃ 
with a new peak appearing at 17.9˚, which is believed to be the non-ferroelectric HT 
phase
[5] 
(Figure 4. 17). This suggests that there is a phase transition from ferroelectric to 
paraelectric phase. The (200)/(110) peaks increased during cooling procedure, which 
suggests that the sample re-crystallized into ferroelectric LT phase.  
 
0 10 20 30 40 50 60 70 80
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000
22000
24000
26000
28000
30000
32000
34000
 
 25C_heating
 70C_heating
 80C_heating
 90C_heating
 100C_heating
 110C_heating
 120C_heating
 130C_heating
 140C_heating
 145C_heating
 140C_cooling
 130C_cooling
 120C_cooling
 110C_cooling
 100C_cooling
 90C_cooling
 80C_cooling
 70C_cooling
 60C_cooling
 25C_cooling
In
te
rs
it
y
 (
a
.u
.)
2-theta(Degree)
Heating
Cooling
Platium
 
Figure 4. 16 High temperature XRD results on extruded films collected in air without 
hot-compression on heating and cooling. Heating and cooling speed rate is 10K/min from 25℃ to 70℃ 
and 3K/min from 70℃ to 145℃. 
 
163 
 
20 40 60 80 100 120 140 160
-1000
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
 
In
te
n
s
it
y
 a
t 
1
7
.9
 d
e
g
re
e
 /
 H
T
 p
h
a
s
e
 (
a
.u
.)
 LT during heating
 LT during cooling
In
te
n
s
it
y
 a
t 
1
9
.9
 d
e
g
re
e
 /
 L
T
 p
h
a
s
e
 (
a
.u
.)
Temperature (Celsius)
0
3000
6000
9000
12000
15000
18000
21000
24000
27000
30000
33000
 HT during heating
 HT during cooling
 
Figure 4. 17 The increase and decrease tendency of the peak at 19.9° (ferroelectric LT phase) and 
17.9° (non-ferroelectric HT phase) respectively during the heating and cooling segments of the 
extruded film collected in air without hot-compression. Data plotted from Figure 4. 16. 
 
 
The extruded film collected in liquid nitrogen fume showed a sharp peak for 
(200)/(110) at 19.9˚ at room temperature. The intensity of the peak decreased slowly 
during heating until the temperature reached 130℃. From there, the intensity of the peak 
at 19.9º of the ferroelectric phase decreased quickly with the appearance of a new peak 
at 17.9º (Figure 4. 18 and Figure 4. 19). This was the same as the results from the 
extruded film collected in air. The ferroelectric peak at 19.9º remained at relatively low 
intensity during cooling. 
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Figure 4. 18  High temperature XRD results on extruded films collected in liquid nitrogen fume 
without hot-compression on heating and cooling. Heating and cooling speed rate is 10K/min from 25℃ 
to 80℃ and 3K/min from 80℃ to 145℃. 
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Figure 4. 19 The increase and decrease tendency of the peak at 19.9° (ferroelectric LT phase) and 
17.9° (non-ferroelectric HT phase) respectively during the heating and cooling segments of the 
extruded film collected in liquid nitrogen without hot-compression. Data plotted from Figure 4. 18. 
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Both samples went through similar ferroelectric to paraelectric phase transition 
during the heating procedure and paraelectric to ferroelectric phase transition during 
cooling procedure (Figure 4. 20 and Figure 4. 21). The intensities of the ferroelectric 
peaks in the extruded film collected in air or liquid nitrogen fume without 
hot-compression were similar. When heated to around the Curie point, there was a lot 
more of the HT phase produced in the extruded film collected in air than that in the 
extruded film collected in liquid nitrogen fume. The difference between the phase 
transition temperature during the heating procedure and cooling procedure was because 
the phase transition was first order. Apart from the similarities in the two samples during 
heating and cooling, however, there were a few differences. One was that the intensity 
of the peak at 19.9º increased during heating before the temperature reached 130℃ in 
the extruded film collected in air, while it decreased in the same temperature range in 
the extruded film collected in liquid nitrogen fume. What happened in the extruded film 
collected in air could be explained as the sample went through a heat treatment during 
the heating, and it helped the lamellae to grow in the sample, thus the intensity of the 
19.9º peak increased. The heating procedure lasted much shorter than annealing, thus it 
only had a limited effect on the growth of the lamellae, which resulted in a limited 
increase in the peak intensity. This suggests that there could be an increase in the 
crystallinity of the ferroelectric phase and crystallites size during hot-compression in the 
extruded film collected in air because of the heat treatment, which was consistent with 
the XRD results (Figure 4. 13). The other difference was that the intensity of the 19.9º 
peak increased quickly at the paraelectric-ferroelectric phase transition during cooling in 
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the extruded film collected in air, however, the intensity remained low in the same 
temperature range in the extruded film collected in liquid nitrogen fume. Upon cooling, 
the HT phase transformed into the LT phase, which explained the reduction in the 
intensity of the sharp peak at 17.9º (the HT phase) and the increase in the intensity of 
the peak at 19.9º(the LT phase) in the extruded film collected in air (Figure 4. 20). The 
increase and decrease of the intensity of the HT peak of the extruded film collected in 
liquid nitrogen fume were less noticeable. This might due to the crystallites in the 
extruded film collected in liquid nitrogen fume being separated by thicker amorphous 
phase than that in the extruded film collected in air because the film was rapidly cooled 
in the liquid nitrogen fume. During heating, the crystallites were separated by the 
amorphous phase which hindered the increase in the crystallites sizes. Because the 
heating treatment was not long enough, there was not enough time for the amorphous 
phase to be annealed into the crystalline phase. During cooling, the crystallites of the 
HT phase were also separated from each other, so it was hard for them to grow into 
larger crystallites of the HT phase (Figure 4. 21). 
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Figure 4. 20 High temperature XRD of extruded film collected in air at phase transition temperatures 
during heating and cooling procedures. 
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Figure 4. 21 High temperature XRD of extruded film collected in liquid nitrogen fume at phase 
transition temperatures during heating and cooling procedures. 
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4.3.1.4 SEM of the extruded films 
SEM images of extruded films collected in air showed banded structures with or 
without hot-compression (Figure 4. 22). The banded structures were perpendicular to 
the extrusion direction which was consistent with the direction of the molecular chains 
in the 2-D XRD patterns (Figure 4. 14). Extruded films without hot-compression or 
hot-compressed at 80℃ or 100℃ showed similar banded structure with similar 
thickness (Figure 4. 22(a-c)). Upon hot-compressed at 120℃, dot-like structures 
appeared within the banded structure (Figure 4. 22(d)). This could be explained by the 
fact that the HT phase started to nucleate when the sample was heated up to 120℃ 
(Figure 4. 20). When hot-compressed at 135℃, the morphology of banded structure in 
the film became blurred, which suggests that the banded structure merged into the 
neighbouring banded structures.(Figure 4. 22 (e))
[10]
 The extruded film that was 
hot-compressed at 140℃ showed a wavy banded structure, whose alignment could be 
affected during the merging of the surrounding banded structures when the temperature 
was above 135℃ (Figure 4. 22(f)). However, it is worth pointing out that the banded 
structure in Figure 4. 22(f) became thicker. 
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Figure 4. 22 SEM images of surfaces of the extruded films collected in air: (a) without 
hot-compression; (b) hot-compressed at 80℃; (c) hot-compressed at 100℃; (d) hot-compressed at 
120℃; (e) hot-compressed at 135℃; (f) hot-compressed at 140℃. The samples were etched in 
KMnO4 for 45mins. Arrows indicate extrusion directions. 
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SEM images of extruded films collected in liquid nitrogen fume showed similar 
banded structures as those of the film collected in air (Figure 4. 23). The banded 
structures were also perpendicular to the extrusion direction. The banded structures 
were thinner and less sharp than those of the extruded films collected in air (Figure 4. 
22). This may due to the smaller crystallites produced by the rapid cooling in the liquid 
nitrogen fume upon collection. The morphology of the film was merged together when 
it is hot-compressed at 135℃ (Figure 4. 23(e)). Hot-compression at 140℃, the banded 
structures were thicker and tangled together, which could have been caused by the 
merging of banded structures at 135℃ and higher temperatures (Figure 4. 23(f)). This 
was very similar to the banded structures observed with the increase of hot-compression 
temperature in the extruded films collected in air (Figure 4. 22(f)). The results suggests 
that hot-compression at 140℃ helped the banded structures to grow in thickness. 
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Figure 4. 23 SEM images the surfaces of the extruded films collected in liquid nitrogen fume: (a) 
without hot-compression; (b) hot-compressed at 80℃; (c) hot-compressed at 100℃; (d) 
hot-compressed at 120℃; (e) hot-compressed at 135℃; (f) hot-compressed at 140℃. The samples 
were etched in KMnO4 for 45mins. Arrows indicate extrusion directions. 
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4.3.1.5 AFM images of the extruded films collected in liquid nitrogen fume 
The AFM images were hard to obtain for extruded films as they have wavy banded 
structures. For the AFM images which were successfully obtained on the extruded film 
collected in liquid nitrogen fume, the banded structures were aligned perpendicular to 
the extrusion direction (Figure 4. 24). The morphology was comparable to those 
observed in the SEM images (Figure 4. 23(a)). The direction of the banded structures 
was in agreement with the 2-D XRD result (Figure 4. 14(c)). 
 
 
  
Figure 4. 24  AFM images of extruded film collected in the liquid nitrogen: (a) surface and (b) 
phase. Arrows indicate the extrusion direction. 
 
4.3.1.6 FTIR of the extruded films 
The extruded films collected in air and liquid nitrogen fume with or without 
hot-compression showed similar FTIR results (Figure 4. 25 and Figure 4. 26). This 
suggests that the films had the same phases: 1284cm
-1
 and 840cm
-1
 are typical TT 
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conformation bands which represents the ferroelectric LT phase, and 1118cm
-1
 is 
attributed to TTTG
+
TTTG
-
 conformation which represents the HT phase
[18]
 ( Figure 4. 
25 and Figure 4. 26). This indicates that the films possibly crystallized into two phases 
and the ferroelectric phase was companied by non-ferroelectric phase 
[19]
. Apart from 
the ferroelectric LT phases and non-ferroelectric HT phases, bands at 1431cm
-1
 and 
1396cm
-1
 possibly represent the C-H bond bending vibration. Bands at 1169cm
-1
 and 
1072cm
-1
 are possibly due to the C-F stretching vibration. The band at 879cm
-1
 
corresponds to the C-H bond out-of-plane bending vibration alongside the C=C bonds.  
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Figure 4. 25  FTIR spectra of the extruded films collected in air and hot-compressed at 80℃, 100℃, 
120℃, 135℃ and 140℃. 
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Figure 4. 26  FTIR of the extruded films collected in liquid nitrogen fume and hot-compressed at 
80℃, 100℃, 120℃, 135℃ and 140℃.  
 
4.3.1.7 DSC of the extruded films 
One extruded film collected in liquid nitrogen fume was run in the DSC for several 
heating and cooling segments as a DSC example (Figure 4. 27). The sample showed the 
peaks which represented the Curie point and melting point at the same temperatures 
respectively on the 2
nd
 and 3
rd
 heating segments, and also the Curie point and the 
crystallization temperature at the same temperature respectively on the 1
st
 and 2
nd
 
cooling segments. The 1
st
 heating segment showed a Curie point peak and melting point 
peak at different temperatures compared to those in the 2
nd
 and 3
rd
 heating segments. 
This suggests that the sample lost its history of the initial processing after it was melted 
once. The phase transition peak in the 1
st
 heating segment also showed a sharper shape 
compared to those in the 2
nd
 and 3
rd
 heating segments, probably because of the 
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alignment of the molecular chains produced by the extrusion. In this case, the 1
st
 heating 
segment is the most interesting part to study the crystallinity, phases and phase 
transitions. The 1
st
 cooling segment is the most useful segment to study the 
crystallization of the material from the melt.  
 
20 40 60 80 100 120 140 160 180
0.0
0.2
0.4
0.6
0.8
1.0
3
rd
 heating
2
nd
 cooling
2
nd
 heating
1
st
 cooling
 
 
H
e
a
t 
fl
o
w
 o
ff
s
e
t 
(W
/g
)
Temperature (Celsius)
1
st
 heating
 
Figure 4. 27 Five segments of the DSC of one extruded film collected in liquid nitrogen fume going 
through heating and cooling segments for several times. The phase transition peaks were the ones to 
left and the melting/crystallization peaks were the ones to the right among the two peaks in each 
segment. 
 
The first heating segments of extruded films collected in air with or without 
hot-compression all showed clear Curie phase transition peaks and melting peaks in 
each film (Figure 4. 28). The peak at about 135℃ was the phase transition peak and the 
one at 148℃ was the melting peak. The phase transition peaks started at almost the 
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same temperature and reached their maximum at the same temperature between the 
films without hot-compression and those hot-compressed at 80℃, 100℃ and 120℃. The 
phase transition peak of the film hot-compressed at 120℃ was sharper than the peaks of 
the films hot-compressed at 80℃ and 100℃. This suggested that the alignment in the 
molecular chains of the extruded film hot-compressed at 120℃ increased which is 
consistent with the 2-D XRD pattern (Figure 4. 14). It may also be caused by the 
decrease in the deviation of the size of the banded structures in this film. The phase 
transition peak of the extruded film hot-compressed at 135℃ split into two smaller 
peaks. The lower maximum position of the phase transition peak of the extruded film 
hot-compressed at 135℃ was lower than those of the extruded films hot-compressed at 
80℃, 100℃ and 120℃. This could have been caused by the reduction of the LT phase 
and the production of the HT phase that started at 130℃  as shown in high temperature 
XRD (Figure 4. 20). Another possible reason was that the molecular chains in the 
extruded film started to lose their alignment when hot-compressed at 135℃ because it 
was the Curie point and the gauche conformation was produced. In this case, the 
extruded films hot-compressed at 135℃ had a lower alignment in the molecular chains 
than that in the extruded films hot-compressed at 120℃. Because the Curie point of an 
oriented film is higher than that of an un-oriented sample
[18]
, the Curie point of the 
extruded film hot-compressed at 135℃ decreased. The smaller area of the phase 
transition peak may be due to the decrease in the crystallites sizes in the extruded films 
hot-compressed at 135℃ (Figure 4. 13 and Figure 4. 22(e)). Another reason for the split 
of the phase transition peak of the extruded film hot-compressed at 135℃ could be that 
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the smaller size crystallites went through phase transition first, which was represented 
by the peak of the smaller temperature, and the larger size crystallites went through 
phase transition at a higher temperature, showing the tiny peak at 136℃. There was only 
one phase transition peak of extruded film hot-compressed at 140℃ at a lower 
temperature (130℃). This could be caused by the reduction of the LT phase and 
production of the HT phase introduced by the hot-compression (Figure 4. 20). It may 
also be caused by the small crystallites size in the extruded film hot-compressed at 140℃ 
(Figure 4. 13).  
The maximum of the melting peak of all the extruded film collected in air with or 
without hot-compression were at the same temperature (148℃).  
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Figure 4. 28  First heating segment of the DSC on the extruded films collected in air. From bottom 
to top: not hot-compressed, hot-compressed at 80℃, 100℃, 120℃, 135℃ and 140℃. 
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The first cooling segment of the extruded films collected in air with or without 
hot-compression showed phase transition peaks and crystallization peaks at exactly the 
same temperature respectively (Figure 4. 29). The phase transition peaks were at 80℃ 
and the crystallization peaks were at 139℃. This suggested that the film lost the 
alignment of the molecular chains during melting, and all the melt were identical 
regardless of their previous state before melting. The difference between the phase 
transition temperatures during the heating and cooling segments were due to the fact 
that the melting-solidification is a first-order phase transition (Figure 4. 28 and Figure 4. 
29).  
20 40 60 80 100 120 140 160 180
 
 
 H
e
a
t 
F
lo
w
 O
ff
s
e
t
Temperature(Celsius)
Origin
80C
100C
120C
135C
140C
Ext_Air
 
Figure 4. 29  First cooling segment of the DSC on the extruded films collected in air. From bottom 
to top: not hot-compressed, hot-compressed at 80℃, 100℃, 120℃, 135℃ and 140℃. 
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There were small crystallization peaks at around 125℃ during the cooling segment 
in the extruded films collected in air (Figure 4. 29). These small peaks were also 
observed in the first cooling segment of another set of the extruded films collected in air 
with and without hot-compression (Figure 4. 30), which suggested that they were real. 
They could have been introduced by the crystallization of the HT phase during cooling. 
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Figure 4. 30 First cooling segment of the DSC on the extruded films collected in air of a second 
sample. From bottom to top: not hot-compressed, hot-compressed at 80℃, 100℃, 120℃, 135℃ and 
140℃. 
 
The first heating segment of extruded films collected in liquid nitrogen fume with 
or without hot-compression were very similar to that in the extruded films collected in 
air, showing two groups of peaks (Figure 4. 31), which were the phase transition peaks 
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at 135℃ and the melting peaks at 148℃ respectively. The peak positions of the phase 
transition of the extruded films collected in liquid nitrogen fume without 
hot-compression or hot-compressed from 80℃ to 120℃ reached their maximum at the 
same temperature. The film hot-compressed at 120℃ showed a sharper phase transition 
peak than the others. This could be caused by the increase in the alignment of the 
molecular chains (Figure 4. 14), the increase in the LT phase (Figure 4. 21) or the 
crystallites size (Figure 4. 13). The phase transition peak of the extruded film collected 
in liquid nitrogen fume and hot-compressed at 135℃ split into two, which was also 
observed in the extruded film collected in air and hot-compressed at 135℃. The possible 
reason for the two peaks was that there could be small sized crystallites in the LT phase, 
which was produced either by the decrease in the crystallites size (Figure 4. 13) or the 
production of the HT phases at 130℃. (Figure 4. 21). The phase transition peak of the 
film hot-compressed at 140℃ was observed at a slower temperature at its maximum 
than the film hot-compressed at 120℃. This may due to the decrease of the crystallites 
size (Figure 4. 13). 
The melting peaks of the films with or without hot-compression were at the same 
temperature.  Comparing between the extruded films collected in air and liquid 
nitrogen fume and hot-compressed at different temperatures, the extrusion seemed to 
have a greater effect on the melting point than the hot-compression by aligning the 
molecular chains (Figure 4. 27, Figure 4. 28 and Figure 4. 30).  
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Figure 4. 31  First heating segment of the DSC on the extruded films collected in liquid nitrogen 
fume. From bottom to top: not hot-compressed, hot-compressed at 80℃,100℃, 120℃, 135℃, and 
140℃. 
 
The first cooling segment of the extruded films collected in liquid nitrogen fume 
with or without hot-compression showed a phase transition peaks at 79℃ and a 
crystallization peak at 138℃ respectively (Figure 4. 32). The Curie phase transition 
peak and crystallization transition peak were at the same temperature for the different 
films. This suggested that all the films had the same crystallites size and phase after 
melting. 
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Figure 4. 32  First cooling segment of DSC results on extruded films collected in liquid nitrogen 
fume. From bottom to top: not hot-compressed, hot-compressed at 80℃,100℃, 120℃, 135℃, and 
140℃. 
 
The Curie points upon heating and cooling of extruded films collected in air and 
liquid nitrogen fume with or without hot-compression are plotted in Figure 4. 33. The 
extruded films collected in air and liquid nitrogen fume show the same Curie point 
during the heating and cooling segments. There was a decrease in the phase transition 
temperature when the extruded films were hot-compressed at 135℃ and 140℃ (Figure 4. 
33). This could have been caused by a decrease of the crystallites sizes (Figure 4. 13). 
The values of the Curie point in the cooling segments were the same because the 
samples were all melted and their thermal histories were eliminated. The difference 
183 
 
between the Curie point in heating and cooling segments suggested that it is a first-order 
phase transition. 
 
 
Figure 4. 33 Curie point of extruded films collected in air and liquid nitrogen fume with or without 
hot-compression upon heating and cooling sessions. The hot-compression temperature of 20℃ 
represents the film that was not hot-compressed (collected in air in the ambient temperature). 
 
The melting temperature in the heating segments and the crystallization 
temperature in the cooling segments of the extruded films collected in air and liquid 
nitrogen fume with or without hot-compression at different temperatures were similar 
(Figure 4. 34). 
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Figure 4. 34 Melt or crystallization temperature of extruded films collected in air and liquid nitrogen 
fume with or without hot-compression upon heating and cooling sessions. 
 
The crystallinity at the Curie point in the heating and the cooling segments of the 
extruded films collected in air and liquid nitrogen fume with or without 
hot-compression were calculated as around 75% during the heating segments and 50% 
during the cooling segments from Figure 4. 28 to Figure 4. 31 using an enthalpy of 
21J/g (provided by Piezotech, France) (Figure 4. 35). The crystallinity of the extruded 
films collected in air and liquid nitrogen fume were as high as around 75% except for 
the decrease observed for the films that were hot-compressed at 135℃ compared to the 
other extruded films. This could have been caused by the production of the HT phase at 
135℃ (Figure 4. 20 and Figure 4. 21) or a decrease in the crystallites sizes (Figure 4. 
13).  The crystallinity in cooling segments were the same because the thermal histories 
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were eliminated when the samples were melted. 
 
 
Figure 4. 35 Crystallinity of extruded films collected in air and liquid nitrogen fume calculated at 
Curie point upon heating and cooling sessions. 
 
The crystallinity at the melt or crystallization temperatures of the extruded films 
collected in air and liquid nitrogen fume during heating and cooling segments showed 
similar values around 90% in the heating segments and 75% in the cooling segments by 
using an enthalpy of 30J/g (provided by Piezotech, France) calculated from Figure 4. 28 
to Figure 4. 32 (Figure 4. 36). This suggests that the extruded films collected in air and 
liquid nitrogen fume with and without hot-compression were well crystallized. 
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Figure 4. 36 Crystallinity of extruded films collected in air and liquid nitrogen fume calculated at 
melt of crystallization temperature upon heating and cooling sessions. 
 
4.3.2 Discussion 
The XRD and SEM results show that the extruded films had a preferred alignment 
of the molecular chains (Figure 4. 11, Figure 4. 12, Figure 4. 14, Figure 4. 22 and Figure 
4. 23). The 2-D XRD results show that the (200)/(110) planes had preferred orientation 
and they are aligned parallel to the extrusion direction (Figure 4. 14). Both these two 
planes are parallel to the c axis, which is parallel to the carbon molecular chains. So it 
can be extrapolated that the carbon molecular chains are aligned parallel to the extrusion 
direction. The SEM results show that the banded structures were aligned perpendicular 
to the extrusion direction. Therefore the carbon molecular chains are aligned 
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perpendicular to the banded structures. This is very similar to the edge-on lamellae 
structure of many polymers where the molecular chains run perpendicular to the main 
face of the lamellae. So it is safe to assume that the carbon molecular chains of the 
P(VDF/TrFE) run perpendicularly in the banded structures of the extruded films as well. 
The relationship and directions of the banded structure, carbon molecular chains, unit 
cell and (200)/(110) plane in an extruded film are shown in Figure 4. 37.  
 
 
 
 
Figure 4. 37 Schematic diagram of the banded structure, carbon chains and (200)/(110) plane in the 
unit cell in an extruded film. The carbon chains (c axis) are in the same direction of the extrusion and 
ab plane could rotate around c axis. 
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4.3.3 Conclusion 
Extruded films have high crystallinity of the ferroelectric beta phase. Extrusion 
introduced preferred molecular orientation in the film. Hot-compression served as a 
quick-annealing method. The crystallite sizes increase with  increasing  
hot-compression temperature up to 120℃. The hot-compression improved the 
orientation of the film up to 120℃. When the films are hot-compressed above their 
Curie point, the HT phases are produced. The extruded films have banded structures, 
which is similar to edge-on lamellae. The molecular chains are in the same direction of 
extrusion.  
 
Reference 
[1]V. Sencadas, R. Gregorio and S. Lanceros-Méndez α to β Phase Transformation and 
Microestructural Changes of PVDF Films Induced by Uniaxial Stretch. Journal of 
Macromolecular Science, Part B. 48. 3: 514-525 (2009) 
[2]T. Furukawa Structure and functional properties of ferroelectric polymers. Advances 
in Colloid and Interface Science. 71-72. 183-208 (1997) 
[3]V. Sencadas, S. Lanceros-Méndez and J. F. Mano Effect of the mechanical stretching 
on the ferroelectric properties of a (VDF/TrFE) (75/25) copolymer film. Solid State 
Communications. 129. 1: 5-8 (2004) 
[4]N. Weber, Y. S. Lee, S. Shanmugasundaram, et al. Characterization and in vitro 
cytocompatibility of piezoelectric electrospun scaffolds. Acta Biomaterialia. 6. 9: 
3550-3556 (2010) 
189 
 
[5]K. Tashiro and R. Tanaka Structural correlation between crystal lattice and lamellar 
morphology in the ferroelectric phase transition of vinylidene fluoride–trifluoroethylene 
copolymers as revealed by the simultaneous measurements of wide-angle and 
small-angle X-ray scatterings. Polymer. 47. 15: 5433-5444 (2006) 
[6]R. V. Gaynutdinov, O. A. Lysova, S. G. Yudin, et al. Polarization switching kinetics 
of ferroelectric nanomesas of vinylidene fluoride-trifluoroethylene copolymer. Applied 
Physics Letters. 95. 2: 023303 (2009) 
[7] Woodward, Arthur E  Atlas of polymer morphology: 93,116, 123 and 291(1989). 
[8]A. J. Lovinger Ferroelectric Polymers. Science. 220. 4602: 1115-1121 (1983) 
[9]A. Ferreira, P. Costa, H. Carvalho, et al. Extrusion of poly(vinylidene fluoride) 
filaments: effect of the processing conditions and conductive inner core on the 
electroactive phase content and mechanical properties. Journal of Polymer Research. 18. 
6: 1653-1658 (2011) 
[10]K. Kimura, K. Kobayashi, H. Yamada, et al. Study on orientation mechanisms of 
poly(vinylidenefluoride-trifluoroethylene) molecules aligned by atomic force 
microscopy. Applied Surface Science. 252. 15: 5489-5494 (2006) 
[11]R. Tanaka, K. Tashiro and M. Kobayashi Annealing effect on the ferroelectric phase 
transition behavior and domain structure of vinylidene fluoride (VDF)–trifluoroethylene 
copolymers: a comparison between uniaxially oriented VDF 73 and 65% copolymers. 
Polymer. 40. 13: 3855-3865 (1999) 
[12]K. Kimura, K. Kobayashi, H. Yamada, et al. Orientation control of 
poly(vinylidenefluoride-trifluoroethylene) crystals and molecules using atomic force 
190 
 
microscopy. Applied Physics Letters. 82. 23: 4050 (2003) 
[13]K. Kimura, K. Kobayashi, H. Yamada, et al. Orientation Control of Molecular 
Chains in Polymers Using Atomic Force Microscopy. Japanese Journal of Applied 
Physics. 43. 7B: 4575-4579 (2004) 
[14]K. K. Kuniko Kimura, Hirofumi Yamada, and Kazumi Matsushige investigation of 
Molecular Chain Orientation Change of Polymer Crystals in Phase Transitions by 
Friction Anisotropy measurements. Langmuir. 23. 9: 4740-4745 (2007) 
[15]Y. Wu, X. Li, Y. Weng, et al. Orientation of lamellar crystals and its correlation 
with switching behavior in ferroelectric P(VDF-TrFE) ultra-thin films. Polymer. 55. 3: 
970-977 (2014) 
[16]D. Göritz, J. Kemmerer, S. Kreitmeier, et al. Annealing effects in high modulus 
polyethylene. Colloid and Polymer Science. 261. 8: 631-634 (1983) 
[17]U. Aygül, H. Peisert, D. Batchelor, et al. Molecular orientation in polymer/fullerene 
blend films and the influence of annealing. Solar Energy Materials and Solar Cells. 128. 
0: 119-125 (2014) 
[18]M. K. Kohji Tashiro Structural phase transition in ferroelectric fluorine 
polymers:x-ray diffraction and infrared/raman spectroscopic study. Phase Transition. 18. 
213-246 (1989) 
[19]V. R. P, D. V. Khakhar and A. Misra Studies on α to β phase transformations in 
mechanically deformed PVDF films. Journal of Applied Polymer Science. 117. 6: 
3491-3497 (2010) 
 
191 
 
Chapter 5 Dielectric and Ferroelectric Properties  
of Extruded Films 
 
The extrusion of the ferroelectric copolymer produced alignment of the crystalline 
lamellae in a preferred orientation. This was followed by a hot-compression at various 
temperatures, which increased the size of the crystallites, and also controlled the 
thickness of the films. Good ferroelectric performance of the extruded films was 
anticipated due to these two reasons. All of the films had high crystallinity between 70% 
to 85% shown in their DSC results. Dielectric properties and ferroelectric properties 
were measured. 
 
5.1 Dielectric properties of the extruded films 
5.1.1 Dielectric properties at room temperature 
The real part (ε’) and the imaginary part (ε”) of the dielectric properties of the 
extruded films collected in air and liquid nitrogen fume and hot compressed are plotted 
in Figure 5. 1 and Figure 5. 2 respectively. The dielectric constants (the real part of 
dielectric properties) in both plots show clear relaxation at about 800kHz.  
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Figure 5. 1 The real part (ε’) and Imaginary part (ε”) of dielectric properties of extruded films 
collected in air and hot-compressed at different temperatures. 
 
193 
 
10 100 1000 10000 100000 1000000 1E7 1E8 1E9
3
4
5
6
7
8
9
 
 
 
 Ext_N2_Origin
 Ext_N2_80C
 Ext_N2_100C
 Ext_N2_120C
 Ext_N2_135C
 Ext_N2_140C

'
10 100 1000 10000 100000 1000000 1E7 1E8 1E9
0.0
0.2
0.4
0.6
0.8
1.0
1.2
 
 
 Ext_N2_Origin
 Ext_N2_80C
 Ext_N2_100C
 Ext_N2_120C
 Ext_N2_135C
 Ext_N2_140C

"
Frequency (Hz)
 
Figure 5. 2 The real part (ε’) and Imaginary part (ε”) of dielectric properties of extruded films 
collected in liquid nitrogen fume and hot-compressed at different temperatures. 
 
The dielectric constant and the size of the crystallites of the extruded films 
collected in air and hot-compressed at different temperatures had a similar trend with 
the hot-compression temperature (Figure 5. 3) (Figure 4.14). They both increased with  
increasing hot-compression temperature between 80℃ and 120℃, and decreased when 
the hot-compression temperatures were at 135℃ and 140℃. This suggests that the 
dielectric constant of the extruded films is partially controlled by the size of the 
crystallites.  
    The dielectric constants of the extruded films collected in air were larger than those 
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of the extruded films collected in liquid nitrogen fume (results at 1kHz shown as an 
example in Figure 5. 3). The imaginary part of dielectric properties of extruded films 
collected in air was also larger than that of extruded films collected in liquid nitrogen 
fume. The dielectric constant at low frequency was considered to be contributed to by 
three parts: 1, crystallite boundaries and boundaries between the crystallites and the 
amorphous phase; 2, domains and domain wall motion; 3, defects. The crystallinity of 
the LT phase in the extruded films collected in air and liquid nitrogen fume were about 
10% in difference as calculated from their DSC data (Figure 4.35). The difference in the 
dielectric constant between the extruded film collected in air and liquid nitrogen fume 
could be contributed from the higher crystallinity in the extruded film collected in air.  
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Figure 5. 3 (a) Dielectric constant (ε’) and (b) imaginary part (ε’) at 1kHz of extruded films collected 
in air and liquid nitrogen fume with or without hot-compression from Figure 5. 1 and Figure 5. 2. 
Hot-compression at 20℃ is for non-hot-compression. 
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The dielectric constant of the extruded film collected in air without 
hot-compression was tested again after it was AC poled with a waveform of two 
triangular loops at an amplitude of 4kV and a frequency of 10Hz. The dielectric 
constant measured after the film was poled was compared with the dielectric constant 
measured before it was poled. The ε’ before and after poling showed an identical trend 
(Figure 5. 4). The ε” had similar shape and peaks at the same positions (Figure 5. 4). 
The slight decrease in the values of ε” between 100Hz and 1×107Hz could be caused by 
the alignment of domains in the film by poling. The sharp peak at 30MHz was due to 
the piezoelectric response of the poled film. The position of the peak was size 
dependent on the thickness of the film
[1]
.  
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Figure 5. 4 (a) Real part (ε’) and (b) imaginary part (ε”)  of the dielectric properties of the extruded 
film collected in air without hot-compression before and after conditioned at 4kV, 10Hz. 
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5.1.2 Dielectric properties at high temperatures 
The  real part (ε’) and imaginary part (ε”) of the dielectric properties of the 
extruded films collected in air were measured from -80℃ to 145℃ at different 
frequencies ranging from 500Hz to 100kHz (Figure 5. 5. Arrows indicate the heating 
and cooling directions). The highest temperature 145℃ was selected to avoid melting of 
the films (Tm=148℃). The peaks in the real part and imaginary part were at the same 
temperature. Because the values of the real part at different frequencies between 5kHz 
and 100kHz were very close and the values of the imaginary part were within a 
reasonable range between the testing frequencies of 5kHz to 100kHz,  the 100kHz data 
was used for analysis because the results were less affected by noise. 
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Figure 5. 5 Dielectric properties at different temperatures of extruded films collected in air without 
hot-compression in a range of frequencies. Shown in the order of (top) Real part ε’ and (bottom) 
imaginary part ε”. Arrows indicate the heating or cooling direction. 
 
 
The major peak at around 142℃ in the real part (ε’) upon heating corresponded to 
the ferroelectric-paraelectric phase transition. The major peak at around 84℃ in the real 
part (ε’) upon cooling corresponded to the paraelectric-ferroelectric phase transition 
(Figure 5. 6). These two peaks were identical in the extruded films both collected in air 
and liquid nitrogen fume, which was in agreement with the results from the DSC 
measurements (Figure 4.34). The peaks at different frequencies were also at the same 
temperature. (Figure 5. 7 and Figure 5. 8) 
There were three peaks in the imaginary part (ε”), one sharp peak at 141℃ during 
heating, one strong peak at around 132℃ during cooling and one faint peak at around 
83 ℃ during cooling respectively, which corresponded to the phase transitions during 
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the heating at 141℃, the crystallization temperature during cooling at 132℃ and the 
phase transition during cooling at 83 ℃. The peak at -5℃ was the glass phase transition 
point of the copolymer P(VDF/TrFE)
[2]
 (Figure 5. 6).  
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Figure 5. 6 Dielectric properties at 100kHz, different temperatures of extruded films collected in 
(left)air and (right)liquid nitrogen fume with or without hot-compression. Shown in the order of (top) 
Real part ε’ and (bottom) imaginary part ε” . 
 
The Curie points of the extruded films collected in air and liquid nitrogen fume 
were at similar temperatures at different frequencies (Figure 5. 6). The Curie points 
obtained from the high temperature dielectric measurements (about 142℃ and 84℃ in 
the heating and cooling segment respectively) were compared with the Curie points 
obtained from DSC (about 135℃ and 79℃ in the heating and cooling segment 
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respectively) (Figure 5. 7 and Figure 5. 8). Similar trends and values were shown both 
in the heating and cooling segments. The extruded films were heated at a rate of 3K/min 
during the dielectric measurement as well as in the DSC. The temperature difference 
between the dielectric measurement and the DSC was possibly caused by the different 
size of the cavity to hold the films. The Curie point of the extruded films collected in 
both air and liquid nitrogen fume decreased when the hot-compression temperature 
reached 135℃ and 140℃ during the heating segment. This may due to the production of 
the HT phase and decrease of the LT phase when the sample was hot-compressed at 135℃ 
(Figure 4.21 and Figure 4.22). The decrease in the LT phase, caused the sample 
transforming to the HT phases at a lower temperature,  resulted in the decrease of the 
Curie point in the heating segment. The Curie points in the cooling segments of the 
DSC results were closer in values than those from the dielectric measurements (Figure 5. 
8). This was because the samples were melted during DSC measurements, but not in the 
dielectric measurements. The thermal histories of the extruded films were eliminated 
when the samples were melted in DSC while the histories remained in the dielectric 
measurements during the cooling segments. This thermal history influenced the Curie 
point of the cooling segments of the dielectric measurement, which meant that the 
results from DSC are more consistent.  
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Figure 5. 7 Curie point positions from dielectric constant heating session and 1
st
 heating segment of 
DSC results of extruded films collected in air and liquid nitrogen fume with or without 
hot-compression. 
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Figure 5. 8 Peak positions from dielectric constant cooling session and 1
st
 cooling segment of DSC 
results of extruded films collected in air and liquid nitrogen fume with or without hot-compression. 
The dielectric constant (ε’) of the extruded films collected in air and liquid 
nitrogen fume with or without hot-compression at room temperature (20℃) and high 
temperature (120℃) at 1kHz are plotted in Figure 5. 9. to show temperature dependence 
of the dielectric performance.. The dielectric constants at 20℃ had almost the same 
values and trend as they were measured at the room temperature at 1kHz (Figure 5. 3). 
The ε’ were larger in the extruded film collected in air than those in the extruded film 
collected in liquid nitrogen fume, indicating contribution from a higher crystallinity. 
The dielectric constant trend at 120℃ was similar to that at 20℃ in the extruded film 
collected in air and liquid nitrogen fume respectively. Their values were larger than 
those at 20℃, which may be contributed from the thermally active domain wall motion 
or defect motion at a high temperature. 
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Figure 5. 9 The dielectric constant (ε’) of extruded films collected in air and liquid nitrogen fume 
with or without hot-compression at 20℃ and 120℃ at 1kHz. Hot-compression at 20℃ means the 
extruded film was not hot-compressed. 
5.2 Ferroelectricity of extruded films 
The current-electric field (I-E) and ferroelectric polarization-electric field (P-E) 
plots of the extruded films collected in air with or without hot-compression are plotted 
in Figure 5. 10 and Figure 5. 11 respectively. The switching fields and remnant 
polarization of the extruded films collected in air with or without hot-compression are 
plotted in Figure 5. 12 and Figure 5. 13 from the data in Figure 5. 10 and Figure 5. 11. 
The I-E loops of the extruded films collected in air show clear ferroelectric switching 
current peak (Figure 5. 10). The films with or without hot-compression had good 
remnant polarization of above 0.08C/m
2 
(Figure 5. 11). The switching fields increased 
with the increasing temperature of hot-compression until 135℃ (Figure 5. 12). This may 
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be caused by the growth in crystallites size introduced by hot-compression (Figure. 
4.14). The remnant polarization increased with the increasing hot-compression 
temperature, and showed a sharp drop when the sample was hot-compressed at 135℃ 
(Figure 5. 13). This was due to the dominance of HT phase when the sample was 
hot-compressed near Curie point (Figure 4.21 and Figure 4.29) and the HT phase was 
not fully transferred into LT ferroelectric phase during cooling in the extruded film 
collected in air (Figure 4.31).  
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Figure 5. 10  I-E plots of extruded films collected in air with or without hot-compression at 
different temperatures. 
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Figure 5. 11  P-E plots of extruded films collected in air with or without hot-compression at 
different temperatures. 
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Figure 5. 12 Switching field at positive field of extruded films collected in air with or without 
hot-compression from I-E plot.(Figure 5. 10) Hot-compression temperature at 20℃ indicates the film 
without hot-compression. The line is guidance for eyes. 
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Figure 5. 13 Remnant polarization at positive field of extrude films collected in air with or without 
hot-compression from P-E plot. (Figure 5. 11) Hot-compression temperature at 20℃ indicates the 
film without hot-compression. The line is guidance for eyes. 
 
The I-E and P-E plots of the extruded films collected in liquid nitrogen fume with 
or without hot-compression are shown in Figure 5. 14 and Figure 5. 15 respectively. The 
switching fields and remnant polarization of the extruded films collected in liquid 
nitrogen fume with or without hot-compression are plotted in Figure 5. 16 and Figure 5. 
17 using the data from Figure 5. 14 and Figure 5. 15. The I-E plots of the extruded films 
collected in liquid nitrogen fume showed sharp and clear ferroelectric switching peaks 
(Figure 5. 14). The switching fields were at similar values until the hot-compression 
temperature reached 135℃ and 140℃ (Figure 5. 16). The remnant polarization showed 
a decreasing trend when the films were hot-compressed between 80℃ and 120℃, then it 
increased when the hot-compression temperature reached 135℃ (Figure 5. 17). The 
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remnant polarization of extruded films collected in liquid nitrogen fume with 
hot-compression at 140℃ had a high value compared to that at 135℃, which was the 
same trend as that of extruded film collected in air (Figure 5. 17 and Figure 5. 13). 
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Figure 5. 14  I-E plots of extruded films collected in liquid nitrogen fume with or without 
hot-compression at different temperatures. 
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Figure 5. 15  P-E plots of extruded films collected in liquid nitrogen fume with or without 
hot-compression at different temperatures. 
 
208 
 
20 40 60 80 100 120 140
35
40
45
50
55
60
 
 
P
o
s
it
iv
e
 s
w
it
c
h
in
g
 f
ie
ld
 (
k
V
/m
m
)
Hot-compression temperature (Celsius)
 Ext_N2
 
Figure 5. 16 Switching field at positive field of extruded films collected in liquid nitrogen fume with 
or without hot-compression from I-E plot.(Figure 5. 14) Hot-compression temperature at 20℃ 
indicates the film without hot-compression. The line is the guidance for eyes. 
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Figure 5. 17 Remnant polarization at positive field of extrude films collected in liquid nitrogen fume 
with or without hot-compression from P-E plot. (Figure 5. 15) Hot-compression temperature at 20℃ 
indicates the film without hot-compression. The line is the guidance for eyes. 
 
5.3 Discussion 
The switching fields of the extruded films collected in air increased with the 
increasing hot-compression temperature (Figure 5. 12). It could be due to the increase in 
the alignment of the carbon molecular chains or the crystallinity with the increasing 
hot-compression temperature, i.e. without hot-compression (0.53) and hot-compressed 
at 120℃ (0.80). However, the alignment of the molecular chains of the extruded films 
collected in air without hot-compression (0.53) and the alignment of the molecular 
chains of the extruded films collected in liquid nitrogen fume without hot-compression 
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(0.51) were close, but the switching field of the extruded film collected in air 
(22.9kV/mm) was much lower than that of the extruded film collected in liquid nitrogen 
fume (49.1kV/mm). This could be caused by the difference in the crystallinity between 
the extruded films collected in air without hot-compression (79.5%) and the extruded 
films collected in liquid nitrogen fume without hot-compression (66.1%).  
It is worth noting that the extruded films collected in liquid nitrogen fume with or 
without hot-compression had similar switching fields before the hot-compression 
temperature reached the Curie point (Figure 5. 16). This was very different from that of 
the extruded films collected in air (Figure 5. 12). A similar trend was shown in the 
dielectric constants of the extruded films collected in liquid nitrogen fume and 
hot-compressed between 80℃ and 120℃ (Figure 5. 3 and Figure 5. 9). This suggested 
that the extruded films collected in liquid nitrogen fume without hot-compression or 
hot-compressed between 80℃ and 120℃ had relatively similar domain sizes. In this 
case, the hot-compression below the Curie point may have limited effect of domain 
growth on the extruded film collected in liquid nitrogen fume. The extruded film 
collected in liquid nitrogen fume without hot-compression had a much higher switching 
field than that of the extruded film collected in air without hot-compression (Figure 5. 
12 and Figure 5. 16). This could be caused by the crystallites separated by the 
amorphous phase due to the rapid cooling rate during collection in the extruded films 
collected in liquid nitrogen fume. In short, the extruded films collected in liquid 
nitrogen fume may have domains that were similar in sizes, in the crystallites separated 
by the amorphous phase which made them harder to grow during the heat treatment 
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during the hot-compression compared to those in the extruded films collected in air. 
 
5.4 Conclusion 
The extrusion procedure aligned the lamellae in a preferred orientation. Both 
extruded films collected in air and liquid nitrogen fume showed good dielectric and 
ferroelectric properties. The extruded films collected in air showed an increase in the 
dielectric constant and the switching field with the increase in the hot-compression 
temperature up to 120℃. The dielectric constant and switching fields of the extruded 
films collected in liquid nitrogen fume remained almost the same when the 
hot-compression temperature was up to 120℃. These observations suggest that the 
dielectric constant and the switching field of the samples are affected by the crystallinity, 
alignment in the carbon molecular chains, domain wall motion and defects. Both the 
extruded films collected in air and liquid nitrogen fume showed good remnant 
polarization close to 0.09C/m
2
. The optimum condition of the extruded films is to 
collect them in the air and hot-compress them at 140℃, which produces a remnant 
polarization of about 0.1C/m
2
. 
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Chapter 6 Ferroelectric switching behaviour 
under continuously changing electric field 
 
The switching mechanisms of ferroelectric polymers are still open for discussion. 
There are switching models based on the propagation of the kinks which were generated 
by dipole rotation along the carbon skeletal chains in the copolymer in a single carbon 
molecular chain or multiple chains based on the ab initio computing results
[1-9]
 However, 
these kinks only generate 180° domain wall switching, which neglects the possibility of 
non-180° domains that were calculated
[10]
 and shown experimentally
[11]
. It was 
calculated that the polyethylene (PE) can form a twinning structure by shear
[12-14]
. 
Because PE has the same orthorhombic structure to that of the ferroelectric LT phase of 
P(VDF/TrFE), it is interesting to clarify  whether twinning structures could form 
non-180º domains in P(VDF/TrFE). To address this question we adapted an existing 
ferroelectric switching model based on the theory of rates of reactions, which describes 
thermally assisted activation over a rate limiting energy barrier in soft PZT-5H 
ceramic
[15]
.  
 
6.1 Switching model for ferroelectric P(VDF/TrFE) adapted from rate theory 
The model developed for soft PZT-5H ceramic
[15]
 is based on  rate theory and 
enables a sensible estimation of activation volume and activation energy of ferroelectric 
switching. It was assumed that the expansion of domain walls was much faster than 
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their nucleation
[16]
. In the ferroelectric LT phase of P(VDF/TrFE) we model the 
formation of critical nuclei as a group of slip steps as that in polyethylene
[12]
 or a group 
or stack of n dislocation loops of Burgers vector b as in PZT-5H
[15]
. If each loop sweeps 
an area of As in a body of volume V after nucleation, the shear strain produced in the 
glide plane and in the direction of b is  /sn A V  b . The plastic shear strain in the 
body in the direction of , on the glide plane can be expressed as sA n  b , where ρ 
is the nucleation site density per unit volume. 
The polarization change dPπ produced simultaneously in the direction of an 
arbitrary direction, can be expressed as  0ˆsdP V   π P , where Vs is the volume 
swept by the dislocation, πˆ a unit vector which defines the direction in which the 
effective change of the polarization is measured. The term  0ˆ π P  defines the 
magnitude of the effective change of the polarization. 
Because not all the strain and polarization can be expected to have the same 
orientation as in an ideal sample, the averaging of the strain and polarization over all the 
orientations should be taken into consideration.  
If Г is the rate of formation of critical nuclei, the strain rate produced during 
switching can be expressed as  
/ sd dt A n Г    b .                        (6.1)  
And the corresponding rate of polarization change can be expressed as: 
 0/ Γˆsj dP dt V     π P .                      (6.2)  
Г can be expressed by the Arrhenius type expression for reaction rates depending 
on thermal fluctuation as 
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        *0/ / / /Γ exp G kT exp S k exp H kT exp U W kT           .  (6.3)  
The usual symbols have been used for the thermodynamics potentials that satisfy 
the relations: 
       * *G F W H T S U T S W             ,              (6.4)  
where G, F, H and U are Gibbs and Helmholtz free energies, enthalpy, and internal free 
energy of activation. W
*
 is the effective work done by the combination of the effective 
electric field and/or the effective shear stress at the nucleation sites
[15]
. The effective 
electric field E is the difference between applied field (Ea) and the internal field (Ein). 
The dominant contribution is the activation in the forward direction and the backward 
activation of nuclei is not considered here. 
The effective work (W
*
) of critical nuclei formation is consisted of two parts, from 
the effective work done electrically (We
*
) and the effective work mechanically (Wm
*
). 
Thus the total effective work W
* 
can be re-written as 
 * * * * *0 e mW W W V n A     E P b ,               (6.5)  
where V
* 
is the activated critical nuclei volume, or activation volume, τ the effective 
shear strain and A
*
 the activation area which is swept by the dislocations involved in the 
formation of critical nuclei. 
In this investigation, only an electric field was applied to the samples, and the 
change in electric polarization was measured, thus the effective work will be mainly 
considered as electrically induced. 
The polarization change rate in the direction of applied electric field (E) can now 
be expressed as 
[15][13]
: 
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   
    
0 0
* *
0 0
/ ν exp / exp /
ex Δ
ˆ
p /
E E sj dP dt V G kT j H kT
j U V n A kT
 
 
       
    
E P
E P b
 .    (6.6) 
The term 
0
ˆ   E P  is the polarization change induced in the direction of applied 
electric field.  
If the energy barrier for nucleation is independent on both E and τ, and  the shear 
stress τ is constant, the following relation can be obtained by partial differentiations of 
equation (6.6): 
[15] 
  *0 0,l ˆn / T
E kT
j j V


 
 
     E P
 ,                 (6.7)  
and  
 
 
0
,
/
1/
E
ln j j
H
kT

 
   
  
  .                    (6.8) 
Using the relation 
0
0
/ ,, 0 ,
ln( / )
1
ln( / )j jE T
j j T E
T E j j 
      
          
, 
0
*
0
/ ,
ˆ
j j
E
H V T
T 

         
E P  .                 (6.9) 
The activation volume V
*
 was obtained experimentally by measuring the change in 
the electric field when the rate of polarization was changed and using Equation (6.7). 
The activation enthalpy was obtained from the measurement of changes in the rate of 
polarization at constant electric field when the temperature was changed (Equation(6.8)), 
or from the changes in the electric field needed to keep the polarization rate constant 
when the temperature was changed (Equation(6.9)).  
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6.2 Experimental details and results 
6.2.1 Experimental details 
The switching tests were performed on the biaxially solid-state drawn and annealed 
P(VDF/TrFE) 68/32mol% film provided by Pennsylvania State University (USA) 
(Section 3.1.2). The film had good crystallinity and in the crystallites were randomly 
orientated (Figure 6. 1) which was suitable to study the switching dynamics of 
P(VDF/TrFE) films and draw universal conclusions for other ferroelectric polymers. 
The films were electroded using evaporated gold electrodes of 2mm in diameter on both 
sides.  The films were placed in silicon oil to avoid short circuit. The setup of the 
equipment is described in Section 3.4.6. The amplitudes of the voltage waveforms 
which enabled achieving saturated PE loops on a film of 30 µm thickness were 
identified by  applying 6 triangular waveforms at a frequency of 10Hz and different 
amplitudes, increased from 1kV to 4.5kV in steps of 0.5kV (Figure 6. 2) at room 
temperature. The positive and negative switching fields where the maximum current 
were obtained were monitored in each cycle at the different amplitudes to identify the 
stable values that indicated that the loops were saturated. Examples are shown in Figure 
6. 3 and Figure 6. 4 relative to the amplitude of 4.0kV (133.33kV/mm). It can be seen 
that the switching field stabilized from the 4
th
 cycle onwards. The variation of the 
switching fields in the second half of the 5
th
 cycle and the first half of the 6
th
 cycle of 
the waveforms at different applied voltages from Figure 6. 2 are shown in Figure 6. 5. 
The switching fields were stabilized when the films were subjected to a voltage between 
4.0kV and 4.5kV (Figure 6. 5), so the applied voltage was chosen as 4.5kV, which 
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corresponded to an electric field of 150kV/mm for this film. 
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Figure 6. 1 XRD results of P(VDF/TrFE) 68/32mol% films from Pennsylvania State University 
(USA). The peak at 35º and 40º indicated that the films had random orientation. 
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Figure 6. 2 The six successive triangular cycling loops at applied voltages between 1kV and 4.5kV. 
The red rectangle shows the loop analyzed. 
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Figure 6. 3 The positive switching fields at different loops at an applied voltage of 4.0kV 
(133.33kV/mm). The switching fields stabilized from the 4
th
 loop. 
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Figure 6. 4 The negative switching fields at different loops at an applied voltage of 4.0kV 
(133.33kV/mm). The switching fields stabilized from the 4
th
 loop. 
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Figure 6. 5 The switching fields measured at 10Hz at different applied electric fields collected at the 
second half of the 5
th
 loop and the first half of the 6
th
 loop as shown in the rectangle in Figure 6. 2. 
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The frequency dependence of the coercive field was studied by generating PE 
loops at 4.5kV amplitude at different frequencies in the range between 5Hz and 100Hz. 
The polarization hysteresis loops were also measured at different temperatures between 
20℃ and 70℃ at the same conditions used at room temperature (Figure 6. 6). The 
maximum temperature was not further increased because the copolymer softened at 
80℃. At each temperature, the sample was tested at 150kV/mm from the low frequency 
of 5Hz to the high frequency of 100Hz in steps of 5Hz.  
After the experiments at 70°C, the sample was cooled down to room temperature 
and tested at 150kV/mm and 10Hz again to check the reproducibility of its polarization 
hysteresis loop (Figure 6. 7).  This checked that the structure and property of the film 
were unchanged by the previous testing. 
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Figure 6. 6 P-E loops tested at 150kV/mm at 10Hz at different temperatures between 20℃ and 70℃. 
Data plotted from the second half of the 5
th
 loop and the first half of the 6
th
 loop measured. 
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Figure 6. 7 The reproducibility check of the I-E and P-E loops at 150kV/mm and 10Hz which were 
checked before and after the sample was tested at different frequencies between 5Hz and 100Hz and 
different temperatures between 20℃ and 70℃. Data plotted from the second half of the 5th loop and 
the first half of the 6
th
 loop measured 
 
The equipment for the measurement of the strain-electric field loops (butterfly loop 
or e-E loop) required an electrode diameter of 5mm, so a second copolymer film which 
was 22μm thick was tested at 180kV/mm at which it was saturated.  
 
6.2.2 Experimental results 
The typical I-E, P-E and e-E loops of the sample at the room temperature are 
shown in Figure 6. 8 to Figure 6. 10. The coercive field increased with increasing 
frequency of the applied field (Figure 6. 8). The maximal polarization decreased with 
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the increase of the frequency of the applied field, however, the remnant polarization 
almost remained at the same value regardless of the frequency (Figure 6. 9). The 
positive and negative maximal polarizations produced at 150kV/mm, 10Hz and 
different temperatures between 20℃ and 70℃ from Figure 6. 6 showed an increasing 
tendency in the absolute values with e increasing testing temperature ( 
Figure 6. 11). The rate of the effective change in the strain and polarization 
obtained at the positive coercive field were 110.50se   and 299.8(C/m s)j   , which 
were calculated by differentiating the strain (e) and ferroelectric polarization (P) against 
time from the strain-t and P-t loops that were generated at the same time at room 
temperature (20℃), 10Hz. 
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Figure 6. 8 I-E loops measured at 150kV/mm at different frequencies from 5Hz to 100Hz. Data 
plotted from the second half of the 5
th
 loop and the first half of the 6
th
 loop measured 
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Figure 6. 9 P-E loops measured at 150kV/mm at different frequencies from 5Hz to 100Hz. Data 
plotted from the second half of the 5
th
 loop and the first half of the 6
th
 loop measured. 
 
-250 -200 -150 -100 -50 0 50 100 150 200 250
-12
-10
-8
-6
-4
-2
0
2
4
6
8
10
12
14
16
18
 
 
e
(1
0
-3
)
Field (kV/mm)
 10Hz
 20Hz
 30Hz
 40Hz
 50Hz
 60Hz
 70Hz
 80Hz
 90Hz
 100Hz
 
Figure 6. 10 Strain- field loops measured at 180kV/mm at different frequencies between 5Hz and 
100Hz on the P(VDF/TrFE) 68/32mol% film with 5mm electrodes in diameter. Data plotted from 
the second half of the 5
th
 loop and the first half of the 6
th
 loop measured 
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Figure 6. 11 The maximal polarization produced at 150kV/mm, 10Hz and different temperatures 
between 20℃ and 70℃ (from Figure 6. 6). Data plotted from the second half of the 5th loop and the 
first half of the 6
th
 loop measured 
 
6.3 Application of the switching model  
6.3.1 Lattice parameters and spontaneous polarization in the P(VDF/TrFE) 
68/32mol% 
The ferroelectric LT phase of the P(VDF/TrFE) has orthorhombic structure. The 
lattice parameters and the spontaneous polarisation data of the P(VDF/TrFE) 68/32mol% 
were extrapolated from the neutron diffraction results listed in Table 6. 1
[17]
 . The data 
shows good linear relationships between the VDF ratio in the copolymer and lattice 
parameter (Figure 6. 12 and Figure 6. 13). The lattice parameters of the P(VDF/TrFE) 
68/32mol% were calculated as a= 0.9081nm and b= 0.51296nm (Figure 6. 12). The 
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spontaneous polarization was calculated as P0=0.1041C/m
2
 (Figure 6. 13). The 
spontaneous polarization is in the direction of the b axis (Figure 6. 14). The polarization 
changes during the ferroelectric switching are in the plane defined by the a and b axes. 
The c axis is the direction of the carbon skeletal chain.  
 
Table 6. 1  Lattice parameters of P(VDF/TrFE) family from neutron scattering
[17]
. 
Ferroelectric 
Phase(300K) 
PVDF 
100/0 mol% 
P(VDF/TrFE) 
80/20 mol% 
P(VDF/TrFE) 
70/30 mol% 
P(VDF/TrFE) 
60/40 mol% 
a(Å) 8.58 8.9 9.05 9.2 
b(Å) 4.91 5.05 5.12 5.18 
c(Å) 2.56 2.55 2.55 2.55 
P0(C/m
2
) 0.137 0.118 0.106 0.097 
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Figure 6. 12 Linear fitting of the lattice parameters from the neuron scattering of P(VDF/TrFE) 
family
[17]
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Figure 6. 13 Linear fitting of spontaneous polarization data determined from the neuron scattering of 
P(VDF/TrFE) family
[17]
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Figure 6. 14 a) Schematic of the ferroelectric LT phase structure for P(VDF/TrFE) copolymer in the 
ab plane (the c axis is normal to the ab plane), and (b) along the c axis of the all-trans (TTTT) zigzag 
planar configuration from the top view. 
[18]
 
 
6.3.2 Maximum change of the polarization and strain in the orthorhombic unit 
cells 
The maximum change in the polarization and strain that can be achieved is 
calculated from the lattice structure and lattice parameters of P(VDF/TrFE) 68/32mol% 
[17]
. Assuming that non-180º domains exist in P(VDF/TrFE) and they are produced by 
shear twinning. Define P0i as the spontaneous polarization in the initial direction before 
switching, and P0e as the spontaneous polarization in the end direction after switching. 
The angle between the direction of P0i to the direction of P0e is α=(180°-θ) under an 
electric field E for the orthorhombic unit cell structure (Figure 6. 15). The effective 
polarization change (ΔP) in the direction of applied electric field (E) that can be 
achieved for angle α (58.92°) is ΔP=0.05036C/m2. The calculation procedure is listed 
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below by using the parameters listed in Section 6.3.1.  
0.9081
2 121.08
0.51296
arctg
 
   
 
 and switching angle is α=180°-θ=58.92°. 
P0i = P0e = P0 = 0.1041 C/m
2
, 
2 2 2 2
0 0 0 0 02 cos 2 (1 cos58.92 ) 0.1024C/mi e i eP P P P P            P ,  
  20 0 90 0.05036C/mP P P sin        . (in the direction of applied electric field) 
The maximum effective change of the polarization in the direction of applied 
electric field from a twinning structure in the orthorhombic structure is calculated as 
0.05036 C/m
2
.  
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Figure 6. 15 Schematic of twin domain structures in the P(VDF/TrFE) 68/32mol% unit cell. lattice 
parameters: a=0.9081nm and b=0.51296nm. b  is Burger’s vector. The solid lines are the twin unit 
cell structure after shear. The dashed lines are the orthorhombic unit cell structure before shear. E  
is the direction of the applied electric field. 
 
Let us now consider the maximum change of the strain that can be achieved by the 
twinning. Rectangle ABCD is the original unit cell (Figure 6. 15). Quadrangle ADCE is 
the unit cell after shear. Using the lattice parameters listed in Section 6.3.1, it is clear 
that AB=DC=EC=a=0.9081nm and AD=BC=AE=b=0.51296nm. The direction and 
magnitude of Burger vector is BE. The shear plane is AC, and it is the diagonal of the 
rectangle ABCD. BE is parallel to AC. BG and EF are perpendicular to AC. Because the 
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shear strain is in the direction of Burger’s vector to the length of the original length in 
the unit cell which was perpendicular to the Burger’s vector, so the shear strain should 
be γ=BE/BG. ΔAEF is equivalent to ΔCBG ( ΔAEF≌ΔCBG ), so  
    2 2BE FG AC 2AF AC 2AE cos EAC 2 cos /a b b arctg a b           . 
And     BG BC sin BCA sin /b arctg a b    . 
Put a=0.9081nm and b=0.51296nm in and we have γ=BE/BG=1.21. 
Because AC is the shear plane, so the longitudinal strain change (ε) in the direction 
of AD can be obtained by 
         sin DAC cos DAC sin / cos /
1.21 60.54 60.54 0.52
ε γ γ arctg a b arctg a b
sin cos
      
    
 . 
In the case of    sin DAC cos DACε γ     , the longitudinal strain ε becomes 
maximum when ∠DAC is 45º. However due to the restriction of the lattice parameters, 
60.54DAC    and ε=0.52. If other ∠DAC is required, there will be distortion in the 
lattice and the unit cell, and it will be a complicated situation which will not be 
discussed here. 
Because there is no preferred orientation in this copolymer film (Figure 6. 1), the 
maximum change of the strain (0.52) and the polarization (0.05036C/m
2
) will be 
produced if all domains are non-180° in an ideal situation. If the domains switching is 
180°, there will be no effective change in the strain. The maximum change in the 
polarization will be 2P0=0.2082C/m
2
.  
Using the rate of change of the strain and polarization at room temperature at 10Hz 
as -110.50se   and 299.8(C/m s)j   respectively, 
/
0.01
/
e j
P


. The ratio ( /e j ) 
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between the measured longitudinal strain rate and the rate of change in polarization, was 
about 1% of the ratio (ε/ΔP) between the calculated longitudinal strain in twin structures 
and maximum polarization change. This suggests that at the coercive field most of the 
switching was provided by the 180º domains in the orthorhombic structure. 
 
6.3.3 Activation volume in the orthorhombic unit cells 
The activation volumes were calculated at the coercive field at which the switching 
rate was the greatest. This ensured that all the measurements were made with the same 
internal structure. The rate of change of the polarization j was normalized for the 
temperature dependence of spontaneous polarization (P0) as in the pre-exponential term 
in Equation (6.6) at all of the different temperatures. The internal energy (ΔU) and the 
entropy (ΔS) were assumed to be temperature independent. The relationship between the 
coercive field (Ec) and the normalized polarization change rate (j/P0) can be expressed 
linearly (Figure 6. 16) from the P-E results (Figure 6. 6). This linear relationship 
showed two different slopes at the lower frequencies (between 5Hz and 20Hz) and at 
the higher frequencies (between 20 and 100Hz). The frequency where the slope changed 
increased with increasing temperature. This matched with the trend of a crossover 
frequency (fcr) regarding the competition and transformation of the thermally activated 
domain wall motion (creep) and viscous displacement (flow) of the domain walls 
reported for P(VDF/TrFE)
[19]
 The same trend of the two slopes in the relationship 
between Ec and ln(j/P0) was also reported in the ferroelectric metal-organic framework 
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compound [H3CNH3]5[Bi2Br11]
[20]
. This may suggest that there were different switching 
mechanisms. The critical activation volume V
*
 can be calculated using Equation (6.7). 
Because the ferroelectric switching was dominated by the 180º domains in the 
orthorhombic structure, the effective maximum polarization change is 2P0 
(0.2082C/m
2
). 
The activation volumes were calculated as 4.3±0.8 nm
3
 (36 unit cells) and 7.0 ±2.8 
nm
3
 (59 unit cells) when switched at the positive and negative coercive field 
respectively at room temperature between 5Hz and 20Hz. At higher frequencies 
(between 20 and 100Hz), the activation volumes were 1.1±0.1 nm
3
 (9 unit cells) and 
1.6±0.2 nm
3
 (13 unit cells) when switched at positive and negative coercive fields 
respectively at room temperature. The activation volumes estimated at different 
temperatures are listed in Table 6. 2. The activation volumes estimated at the negative 
coercive fields were larger than those calculated at the positive coercive field at the 
same temperature. The activation volumes at low frequencies (between 5Hz and 20Hz) 
were about 4 times of those at high frequencies (between 20Hz and 100Hz) at the same 
temperature.  
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Figure 6. 16 The linear relationships between the positive coercive field (Ec) and normalized 
polarization change rate (j/P0) at different temperatures. 
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Table 6. 2 Activation volumes at low frequencies (between 5Hz and 20Hz) and high frequencies 
(between 20Hz and 100Hz) at positive and negative coercive fields at different temperatures. The 
numbers of the unit cells that involved in the activation volumes are shown in the brackets. 
Temperature 
(℃) 
Low Frequencies (5-20Hz) High Frequencies (20-100Hz) 
Positive(nm
3
) Negative(nm
3
) Positive(nm
3
) Negative(nm
3
) 
20℃ 4.3±0.8 (36) 7.0 ±2.8 (59) 1.1±0.1 (9) 1.6±0.2 (13) 
30℃ 3.0±0.3 (25) N/A 0.9± 0.1 (8) 1.8±0.2 (15) 
40℃ 3.1±0.3 (26) 8.0±2.5 (67) 0.9±0.1 (8) 1.6±0.2 (13) 
50℃ 4.3±0.7 (36) 8.0±3.8 (67) 1.1±0.1 (9) 1.5±0.2 (13) 
60℃ 3.3±0.3 (28) 8.2±2.3 (68) 1.0±0.1 (8) 2.1±0.3 (18) 
70℃ 3.2±0.7 (26) 6.8±2.6 (57) 1.5±0.2 (12) 2.1±0.2 (17) 
 
 
6.3.4 Activation energy barrier  
The activation enthalpy (ΔH) which was measured at the switching field was 
obtained from the linear relationship in Figure 6. 17 to Figure 6. 20 plotted from Figure 
6. 16 and by using Equation (6.8) and (6.9) respectively. To give an example, when the 
enthalpy was calculated in the low frequencies (between 5Hz and 20Hz), the ln(j/P0) 
results at 42kV/mm which were available in all the test temperatures in Figure 6. 16 
were plotted against 1/T in Figure 6. 17, and the slope was used in Equation (6.8) to 
calculate the enthalpy. Another approach is to plot the different switching fields (E) 
against the temperature (T) when ln(j/P0)=-0.20 which was available in all the test 
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temperatures in the low frequencies (between 5Hz and 20Hz) as shown in Figure 6. 
18Figure 6. 20, and apply this slope of E against T in Equation (6.9) to calculate the 
enthalpy. The ΔH values were    204.43 0.40 10 0.27 0.025H J eV        from 
Equation (6.8) using the plot in Figure 6. 17 and 
   204.46 0.68 10 0.28 0.043H J eV       from Equation (6.9) using the plot in 
Figure 6. 18 respectively, which are in good agreement with each other. 
 The enthalpy in the high frequency range (between 20Hz and 100Hz) was 
calculated as    201.87 0.013 10 0.12 0.008H J eV      obtained using Equation 
(6.8) with the slope of ln(j/P0) against 1/T at an applied field of 53.6kV/mm at different 
temperatures (Figure 6. 19) and    201.95 0.067 10 0.12 0.004H J eV        was 
obtained from Equation (6.9)  using the slope of the different switching electric fields 
(E) against the temperature (T) when ln(j/P0)=0.60 as shown in Figure 6. 20.  
The enthalpies that were calculated in both ways in the same frequency range 
(5-20Hz or 20-100Hz) were  similar. This suggests that the enthalpies at the low and 
high frequency ranges were both reliable, and the enthalpy calculated at the higher 
frequencies (between 20Hz and 100Hz) had a smaller error deviation than that 
calculated at the lower frequencies (between 5Hz and 20Hz).  The enthalpy at the 
lower frequencies was about twice the value of the enthalpy at the higher frequencies. 
This suggest that energy barrier for the nucleation increases with increasing frequency, 
which is in agreement with the smaller activation volume found at the higher 
frequencies.  
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Figure 6. 17 Logarithm of polarization change rate normalized with the pre-exponential term at 
different temperatures at 42kV/mm vs reciprocal of the temperature from the positive coercive field 
at low frequencies. 
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Figure 6. 18 Effective field as a function of the temperature at ln(j/P0)= -0.20 at low frequencies. 
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Figure 6. 19 Logarithm of polarization change rate normalized with the pre-exponential term at 
different temperatures at 53.6kV/mm vs reciprocal of the temperature from the positive coercive 
field at high frequencies. 
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Figure 6. 20 Effective field as a function of the temperature at ln(j/P0)=0.60 at high frequencies. 
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The work done by the applied electric field at room temperature 
* *
0
ˆ
eW V    E P   was estimated as 0.24eV and 0.08eV at the low frequencies 
(between 5Hz and 20Hz) and the higher frequencies (between 20Hz and 100Hz) and at 
the positive coercive field respectively. In this case, the internal activation energy at 
293K at an applied field of 42kV/mm at low frequencies (between 5Hz and 20Hz) can 
be estimated as  
*
0 0.28 0.24 0.
ˆ 52U H V eV eV eV          E P . 
And the activation energy at 293K at an applied field of 53.6kV/mm at higher 
frequencies (between 20Hz and 100Hz) can be estimated as 
*
0 0.12 0.08 0.
ˆ 20U H V eV eV eV          E P . 
The energy for formation of the critical nuclei at low frequencies was contributed 
equally by thermal activation energy and work done by the electric field. While at high 
frequencies, the thermal activation energy seemed to have a larger proportion in 
contribution. This may be the reason why the saturated polarization increased slightly 
with the increasing test temperature ( 
Figure 6. 11). 
 
6.4 Conclusions 
The ferroelectric switching of P(VDF/TrFE) is dominated by 180° domains. The 
activation volumes at the lower frequencies between 5 and 20Hz were about 4 times 
those at the higher frequencies. The activation volumes generated at the negative 
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coercive fields were larger than that generated at the positive coercive fields. The 
enthalpy of the copolymer at lower frequencies (between 5Hz and 20Hz) was about 
twice the value of the enthalpy at the higher frequencies (between 20Hz and 100Hz), 
which was 0.28eV for the low frequencies and 0.12eV for the high frequencies 
respectively. The work contributed by the electric field were 0.24eV and 0.08eV at the 
low frequencies and high frequencies at room temperature respectively. The energy 
required for switching was equally contributed by the thermal fluctuation between 5Hz 
and 20Hz, and was contributed more by the thermal fluctuation than the work done by 
electric field between 20Hz and 100Hz when measuring between 20℃ and 70℃. This is 
similar to what was found in the organic ferroelectric material [H3CNH3]5[Bi2Br11]
[20]
.  
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Chapter 7 Polarization creep under constant electric field 
 
The ferroelectric and ferroelastic materials exhibit time dependent polarization or 
strain behaviour under a constant external electric field and/or mechanical stress, which 
are also referred to as creep. It is difficult to describe the relationships of polarization or 
strain creep and the time under the electric field or mechanical stress. Because it is hard 
to observe the evolution of the internal micro-structures of the materials during creep, 
thus the previous research on creep was empirical. In this chapter, the creep process 
under a constant electric field were analyzed by adapting a rate model which was 
developed for oxide perovskite ferroelectric materials
[1]
. 
 
7.1 Theoretical background 
Ferroelectric domain switching consists of two steps. The first step is the formation 
of activated nuclei with critical size. The second step is the expansion of the critical 
nuclei through the sideways movement of domain walls. It was assumed that the 
domain wall expansion after the formation of a critical sized activated nuclei was much 
faster than the formation of the critical nuclei based on the theoretical modeling of 
ferroelectric domain wall motion
[2]
. So the ferroelectric domains switching rate was 
mainly determined by the rate of formation of activated nuclei with critical size. Based 
on Ref.1, The polarization rate can be expressed as
[1]
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*
0 0ν exp
ˆ
s a
B
U W
P V
k T
 
  
     
 
E P ,              (7.1) 
where ρ is the density of nucleation sites in a unit volume, Vs the volume swept by the 
domain walls during the nuclei’s expansion, ˆ
aE  the applied field unit vector, P0 the 
spontaneous polarization, kB the Boltzmann constant, T the absolute temperature, ΔU the 
energy required for the critical nuclei formation and W
*
 the work done by the effective 
applied field. The term 
0
ˆ   E P  is the change of polarization along the direction of 
the applied field by taking into account the orientation of each domain, or the effective 
polarization change in the direction of applied field, and this term is replaced by a 
shorter term ΔP for an easier expression in this chapter. The term ν0 is defined as 
0ν νexp
B
S
k T
 
  
 
 where ν is the frequency of the fluctuations of group of atoms that 
participate in nuclei formation, and  ΔS the related entropy variation. [1] 
The effective applied field can be expressed as Eeff = Ea - Ein because the applied 
field, Ea, should overcome the internal field, Ein. In this case, equation (7.1) can be 
written as
[3] 
 
0ν exp ,
a in a
s
B
U E E P V
P V P
k T

         
 
 
               (7.2) 
where Va is the activated nuclei volume. The term Ein includes the depolarizing field 
from the polarization charges of the switched nuclei and the internal mechanical stresses 
produced by the mechanical misfit between the activated nuclei and the surrounding 
unswitched domains. 
To simplify the complex microstructural factors in the pre-exponential term in 
equation (7.2), the following assumption were made. Firstly, most of the switchable 
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domains can be assumed to be in the same direction, in which case the change of 
effective polarization ΔP can be assumed as a constant over a short time duration or a 
small range of polarization. Secondly, the volume swept by the domains can be assumed 
to be the product of nuclei thickness w and the domain wall area L
2
, thus Vs=wL
2
. The 
switching rate is proportional to the size of the domains. In this case, it can be assumed 
that all the critical nuclei share a similar shape and size, and the nuclei thickness w can 
be assumed to be a constant over a short time duration or a small range of polarization. 
Thus the term A=VsΔPν0 can be considered as constant during ferroelectric switching. 
The term ρ is the density of nucleation sites per unit volume and it is time dependent. In 
this case, equation (7.2) can be simplified to 
ln ln ln a a in a
B B B
E PV E PVU
P A
k T k T k T

 
     .               (7.3) 
Differentiation of equation (7.3) with respect to time expresses the possible 
mechanism of rate of change of the polarization during creep. The energy required for 
nuclei formation ΔU and the activation volume Va are considered to be time 
independent. 
   ln ln
t t
a in
B
PV E
P
k T t

  
 
  
                    (7.4) 
To emphasize the rate of change of the polarization, equation (7.4) can be 
re-written as 
 
 ln
ln
t P
a in
B
PV EP P
P
t k T P t
    
 
    
,                (7.5) 
where ρ and Ein are treated as independent of each other for simplicity. It can be seen 
from equation (7.5) that there are two potential mechanisms that control the polarization 
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decay rate during creep. One is exhaustion of nucleation sites, or exhaustion for short, 
expressed by the first term in the right side of equation (7.5), and the other is 
polarization hardening, or hardening for short, expressed by the second term in the 
right side of equation (7.5). For exhaustion, the rate of change of the polarization is 
determined by the change of the density of the nucleation sites. For hardening, the rate 
of change of the polarization is determined by the change of internal field during 
switching. It is almost impossible to measure the density of the nucleation sites in the 
experiments because it is almost impossible to have the access to microstructures during 
creep, so exhaustion can only be estimated by fitting the results to the relevant equation. 
However, the internal field can be measured by performing experiments, involving 
partial unloading of the electric field, which will be explained in the following 
experimental details section. The internal field is considered to be solely dependent on 
the polarization state, and independent of how the polarization was achieved, i.e., by a 
continuously changing or constant electric field. 
 
7.2 Experimental details. 
7.2.1 Creep measurements 
The electrical creep tests were performed on the P(VDF/TrFE) 68/32mol% film 
received from Pennsylvania State University, USA (Section 3.1.2). The film had no 
preferred orientations. The film was 23μm thick. The gold electrodes of 5mm in 
diameter were evaporated on both sides of the film. The experimental equipment used is 
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described in Section 3.4.6. The applied waveforms were generated using an Agilent 
IntuiLink Arbitrary Waveform Editor. The waveforms for measurement consisted of two 
conditioning loops at 1Hz and the constant creep field which was held for about 3 
seconds. The number of the conditioning loops to achieve an equilibrium sample was 
restricted due to the collection limitation of the data points. The amplitude of the 
conditioning electric field was chosen at the lowest field where the P-E loops were well 
saturated, and the coercive field was constant in tests regardless of the increasing 
amplitude of the applied electric field. Six continuous triangular waveforms without 
constant electric field at different amplitudes at 1Hz were applied to the film to 
determine the amplitude of the conditioning loops, as in Section 6.2 (Figure 6.8). The 
switching field of the copolymer films stabilized after the 4
th
 loop and the positive and 
negative switching fields at the 5
th
 loop stayed at the same value when the sample was 
polarized at 152.17kV/mm and 160.87kV/mm (Figure 7. 1 and Figure 7. 2). In this case, 
the amplitude of the conditioning electric field was chosen to be 160kV/mm for the 
creep experiments. The coercive fields of this sample were 57.9kV/mm and 
-58.0kV/mm respectively. 
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Figure 7. 1 Positive switching fields at different applied voltages. The switching field stabilized 
between 152.17kV/mm and 160.87kV/mm. 
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Figure 7. 2 Negative switching fields at different applied voltages. The switching field stabilized 
between 152.17kV/mm and 160.87kV/mm. 
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The constant creep fields were chosen as 16, 32, 48, 53.2, 56, 59.2, 64, 80, 96, 
112kV/mm and held for about 3 seconds after the two conditioning loops. The whole 
applied waveforms are illustrated in Figure 7. 3. 
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Figure 7. 3 The waveforms of electric field for creep tests. Each waveform consisted of two 
conditioning loops at 160kV/mm at 1Hz and a constant creep field held for 3 seconds. 
 
7.2.2 Internal field measurement 
The internal field was determined when the applied field (Ea) just matched the 
internal field (Ein). The internal field was estimated by electric partial unloading tests in 
which specific electric field waveforms were employed. Before each partial unloading 
test, two conditioning electric field waveforms with an amplitude of 160kV/mm and 
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frequency of 1Hz were applied. An example of the waveforms that were used to 
estimate the internal field at the polarization state induced by an applied field of 
80kV/mm is shown in Figure 7. 4. The applied field of 80kV/mm was partially unloaded 
to different fields, ie, 16, 35.2 and 51.2kV/mm, which were held for about 3 seconds 
and the polarization change was monitored during the dwell. Three possibilities that 
could be observed during dwell were: i) dP/dt>0, which suggests Ea>Ein; ii) dP/dt=0, 
which suggests Ea=Ein; and iii) dP/dt<0, which suggests Ea<Ein (Figure 7. 5). Due to the 
limitation of the sensitivity of the measurements, the applied field was restricted in 
resolution, and may not just match the internal field. In this case, the internal field was 
determined as the highest unloaded field when the rate of change of the polarization was 
zero or negative. For instance, the internal field at 80kV/mm was 35.2kV/mm in the 
case of Figure 7. 5, when the rate of change of the polarization was zero. 
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Figure 7. 4 Example of electric field waveform used in partial unloading measurement to determine 
the internal field at the creep field of 80kV/mm. The sample was conditioned at 160kV/mm for 2 
loops at 1Hz before each partial unloading measurement. 
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Figure 7. 5 Example of polarization change during partial unloading measurement for a creep field 
of 80kV/mm. The results were generated based on the partial unloading waveform in Figure 7. 4. 
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7.3 Experimental results 
7.3.1 Creep results 
The polarization creep when the applied field was held in the range 0 kV/mm to 64 
kV/mm monotonically increased during dwell, suggesting that the domains kept 
forward switching at these applied fields. (Figure 7. 6 and Figure 7. 7) The maximum 
change of the polarization was reached when the creep field was 53.2kV/mm. The 
fastest rate of change of the polarization was obtained at the creep field of 56kV/mm. 
These two constant applied electric fields were close to the positive coercive field of 
57.9kV/mm. This was consistent with the idea that the polarization switching rate was 
the fastest at the coercive field under a continuously changing applied electric field. The 
remnant polarization after the creep fields in the range 0kV/mm to 48kV/mm were 
unloaded was always negative, while after the creep test at 53.2kV/mm the remnant 
polarization became positive. In the creep tests at 80, 96 and 112kV/mm, the 
polarization saturated before the creep dwell time ended. (Figure 7. 7) The polarization 
relaxed back when the creep dwell time ended and the applied field was reduced to 
0kV/mm. The relaxed polarization at the creep fields of 96kV/mm and 112kV/mm 
followed the polarization curves of the conditioning loops when the field was 
decreasing. This suggests that the sample was well saturated, and the saturated 
polarization was reached when the sample was creep tested at 96 and 112kV/mm. 
(Figure 7. 6)  
 
 
253 
 
-200 -150 -100 -50 0 50 100 150 200
-0.08
-0.06
-0.04
-0.02
0.00
0.02
0.04
0.06
0.08
 
 
P
o
la
ri
z
a
ti
o
n
 (
C
/m
2
)
Field (kV/mm)
 0kV/mm
 16kV/mm
 32kV/mm
 48kV/mm
 53.2kV/mm
 56kV/mm
 59.2kV/mm
 64kV/mm
 80kV/mm
 96kV/mm
 112kV/mm
 
Figure 7. 6 The polarization during the conditioning loops and the 3 seconds creep duration. The P-E 
loops were generated during conditioning loops and the forward polarization were generated during 
creep dwell time. 
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Figure 7. 7 The polarization during 3 seconds creep duration again the time. The polarization was 
increasing at all times. 
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7.3.2 Internal fields estimated from the partial unloading tests 
The internal fields were estimated from the partial unloading tests described in 
Section 7.2.2. The estimated internal field at different polarization states are listed in 
Table 7. 1. The internal field of 16 and 32kV/mm are missing because the rate of change 
of the polarization was positive during dwell at lower applied fields (Ea=0kV/mm) as 
observed in the partial unloading experiments. This maybe due to the internal field was 
so small at 16kV/mm and 32kV/mm that it could not be measured, or the internal field 
was in the forward direction that facilitated the creep at these two applied fields.  
The internal fields at different polarization states are plotted in Figure 7. 8. It can 
be seen that internal field increases with increasing polarization. In particular, there are 
two ranges of polarization where the increment of the internal field can be reasonably 
well described by a linear relationship of the type Ein=B+θP(t), where /inE P     is 
the polarization hardening rate and B a constant. These two ranges  from 0 to 
64kV/mm and 80kV/mm to 112kV/mm are characterized by the different polarization 
hardening rate, which is higher in the latter interval. This is in agreement with the 
signifcant decrease of the slope of the P-E loop from 64kV/mm onwards (Figure 7. 7).  
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Table 7. 1 Internal fields estimated from partial unloading tests at different creep fields. 
Electric Field 
(kV/mm) 
Polarization 
state (C/m
2
) 
Internal field 
(kV/mm) 
Criterion Polarization back 
switching (C/m
2
) 
48 -0.043 12.8 0P    0.0001 
53.2 -0.025 14.4 =0P  0.0000 
56 -0.002 19.2 =0P  0.0000 
59.2 0.024 20.8 
 
0.0000 
64 0.049 27.2 
 
0.0000 
80 0.060 35.2 
 
0.0000 
96 0.064 40.0 0P   0.0003 
112 0.067 44.8 
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Figure 7. 8 Internal field estimated at different polarization states. 
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7.4 Application of rate theory and discussion 
As described in section 7.1, the polarization change during creep can be described 
by a combination of exhaustion and hardening. If the exhaustion variation is neglectable 
and Ein=B+θP(t), Equation (7.2) can be re-written as 
 
   a a a a
B B
U PV E PV B PV P t D aP t
P t Cexp Cexp
k T k T
       
      
   
,  (7.6) 
where 
0ρ sC V P  , a a aD U PV E PV B    , and aa PV   . 
The solution to Equation (7.6) can be found in Ref.4
[4]
. When the creep curves are 
normalized by P=0 at t=0, the solution can be expressed as 
  ln 1B
k T t
P t
a 
   
   
  
 ,                         (7.7) 
where τ expB
B
k T U
aC k T
  
   
   
. 
Equation (7.7) expresses the polarization change during creep if exhaustion is 
neglectable and the internal field is in a linear relationship with the polarization states as 
the partial unloading tests suggested. This model expresses a logarithmic time 
dependence of the polarization during creep. (equation (7.7)) 
If the hardening instead of exhaustion was neglectable, where the hardening was 
absent from Equation (7.2), this is the other extreme case that only exhaustion was 
taking place during creep. In this case the hardening induced by polarization is equal to 
zero ( 0in
E
P


 

). The density of nucleation sites ρ is the only time dependent 
variation in Equation (7.2). In this case, the polarization change is mainly controlled by 
the rate of comsuption of potential nucleation sites. The exhaustion would dominate 
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even if there were presence of hardening, as long as the effect of exhaustion was 
significantly greater than the increase of the internal field. The exhaustion rate can be 
expressed as 
ρ
P

 

, where Λ is considered as constant though this assumption is not 
backed up by any experiments evidence. When ρ=0, assume that the saturated 
polarization is available (P=Pmax), the desity of nucleation sites can be expressed as 
  maxρ P P t   .                         (7.8) 
Then Equation (7.2) can be re-written as 
  maxP P P t K   ,                        (7.9) 
where 
 
0 exp
a in a
s
B
U E E P V
K V Pν
k T
         
 
 
.  
The solution to Equation (7.9) with normalized P=0 at t=0 can be expressed as 
   1 expmaxP t P Kt     .                   (7.10) 
Equation (7.10) expresses the polarization decay during creep when only the 
exhaustion mechanism is active or it is significantly larger than the hardening 
mechanism. 
The polarization decay during creep can be controlled by a combination of the 
hardening and exhaustion mechanisms. Equation (7.7) and (7.10) were used to fit the 
creep polarization as shown in Figure 7. 9. It is clear that between the applied field of 
0kV/mm to 64kV/mm, the creep polarization is better fitted logarithmically, suggesting 
the hardening mechanism dominates in this field range. At higher creep fields, namely 
80, 96 and 112kV/mm, The polarization saturates after dwelling for 1.5s and the 
logarithmic fitting deviates from the experimental curves. The experimental curves is 
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between the logarithmic and exponential fitting in this range, which suggests that the 
polarization decay was controlled by the mixture of the hardening and the exhaustion 
mechanisms.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
259 
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.0005
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
 
 
P
o
la
ri
z
a
ti
o
n
 (
C
/m
2
)
Time (s)
 0kV/mm
 Logarithmic_Hardening (User) Fit of Polarization
 Exponential_Exhaustion (User) Fit of Polarization
(a)
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.0005
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
 
 
P
o
la
ri
z
a
ti
o
n
 (
C
/m
2
)
Time (s)
 16kV/mm
 Logarithmic_Hardening (User) Fit of Polarization
 Exponential_Exhaustion (User) Fit of Polarization
(b)
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.000
0.001
0.002
0.003
0.004
0.005
0.006
 
 
P
o
la
ri
z
a
ti
o
n
 (
C
/m
2
)
Time (s)
 32kV/mm
 Logarithmic_Hardening (User) Fit of Polarization
 Exponential_Exhaustion (User) Fit of Polarization
(c)
 
0 1 2 3
-0.003
0.000
0.003
0.006
0.009
0.012
0.015
0.018
0.021
0.024
0.027
 
 
P
o
la
ri
z
a
ti
o
n
 (
C
/m
2
)
Time (s)
 48kV/mm
 Logarithmic_Hardening (User) Fit of Polarization
 Exponential_Exhaustion (User) Fit of Polarization
(d)
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.01
0.02
0.03
0.04
0.05
0.06
 
 
P
o
la
ri
z
a
ti
o
n
 (
C
/m
2
)
Time (s)
 53.2kV/mm
 Logarithmic_Hardening (User) Fit of Polarization
 Exponential_Exhaustion (User) Fit of Polarization
(e)
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.01
0.02
0.03
0.04
0.05
 
 
P
o
la
ri
z
a
ti
o
n
 (
C
/m
2
)
Time (s)
 56kV/mm
 Logarithmic_Hardening (User) Fit of Polarization
 Exponential_Exhaustion (User) Fit of Polarization
(f)
 
Figure 7. 9 Hardening and Exhaustion mechanism fitting of the creep polarization at different 
applied field in the 3 seconds creep dwell time. 
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Figure 7. 9(continued) Hardening and Exhaustion mechanism fitting of the creep polarization at 
different applied field in the 3 seconds creep dwell time. 
 
 
 
261 
 
The turning point where the hardening and exhaustion mechanism dominates in the 
two ranges of the creep fields is where the two slopes meet in the internal field induced 
by the polarization (Figure 7. 10). The mechanism between 48kV/mm and 64kV/mm 
was dominated by the hardening, and the internal field increased with the increasing 
polarization. From 80kV/mm to 112kV/mm, the mechanism was a mixture of the 
hardening and exhaustion mechanisms. The internal field induced per unit of 
polarization state between 80kV/mm and 112kV/mm was higher than that between 
48kV/mm and 64kV/mm according to the slopes of the internal field induced by the 
polarization state. In this case, although the internal field was still increasing, the 
polarization increase was limited due to the comsumption of nucleation sites.  
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Figure 7. 10 Two slopes of linear relationship between estimated internal field from partial 
unloading tests and polarization states caused by the combination of hardening mechanism and 
exhaustion mechanism. 
 
7.5  Conclusion 
The ferroelectric creep process was studied on the randomly oriented P(VDF/TrFE) 
68/32mol% film. The maximum rate of change of the polarization and the maximum 
change of the polarization were observed near the coercive field respectively. This 
suggests that the fastest switching rate was at the coercive field. The creep polarization 
decay rate was mainly dominated by the hardening mechanism alone near the 
sub-coercive field. At higher fields, i.e. above 80kV/mm, the hardening mechanism still 
existed and was accompanied by the exhaustion mechanism which led to the saturation 
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of the creep polarization. Both the hardening and the exhaustion mechanisms were 
important to the polarization decay rate at the higher fields. The partial unloading tests 
suggested a linear relationship between the internal field and the polarization state. 
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Chapter 8 Conclusion and Future Work 
 
8.1 Novel aspects of the thesis  
The work focuses on the processing of ferroelectric films produced by extrusion 
from melt. It then goes on to study the dynamics of ferroelectric switching under 
dynamic and constant electric fields in polymer films. The processing work revealed 
that extrusion from a melt aligns the carbon molecular chains, which improves the 
ferroelectric performance of P(VDF/TrFE). This provides a promising way to produce 
P(VDF/TrFE) films with good ferroelectric performance in large scales. The switching 
mechanism under a continuously changing electric field at different loading rates 
reveals that the 180° domains dominate during ferroelectric switching in the 
orthorhombic P(VDF/TrFE). The activation energy for the P(VDF/TrFE) ferroelectric 
switching was mainly provided by the thermal energy, which is the opposite to what 
was found in the ferroelectric ceramic PZT-5H
[1]
. This showed that the rate theory
[1]
 can 
be well applied to the switching dynamics of ferroelectric polymers. The mechanisms 
that controls the rate of change of the polarization under a constant applied electric field 
showed a hardening behaviour in the range 16 to 64kV/mm and a mixture of hardening 
and exhaustion behaviour in the range 80 to 112kV/mm. This is very different from 
what was observed in the ferroelectric ceramic PZT-5A, for which at high electric fields 
exhaustion behaviour dominates 
[2]
. This is the first time that the rate of change of the 
polarization in P(VDF/TrFE) under constant electric fields was modelled by the internal 
field and exhaustion of nucleation sites. 
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8.2 Conclusion 
8.2.1 The role of amorphous phase in the solid-state drawing (stretching) 
The amorphous phase enabled solid-state drawing of the films. This is because the 
carbon molecular chains in the amorphous phase were not in the all-trans conformation 
and were easy to move. This was the case for the cast and stretched films and the 
hot-pressed films that were rapidly cooled in a mixture of the ice and water at 0℃. The 
amorphous phase was introduced by the fast cooling rate, because the hot-pressed film 
that was fast cooled in water which was at ambient room temperature showed good 
crystallinity with only a small amount of the amorphous phase. This film was not 
stretchable. 
The extruded films had good crystallinity in the ferroelectric phase (about 80% or 
onwards) and could not be stretched. This is because the films were in the all-trans 
conformation where the molecular chains are hard to move, and lacked the amorphous 
phase. 
8.2.2 Role of the pre-orientation and alignment in the molecular chains 
Solid-state-drawing of the cast films produces alignment of the carbon molecular 
chains. It also produced the preferred orientation of (200)/(110) in the cast-stretched 
films. The alignment of the carbon molecular chains (also the c axis) is beneficial for 
increasing the ferroelectric polarization
[3]
, thus stretching improves the ferroelectric 
performance of the films. 
The extruded films also have the preferred orientation of (200)/(110) and the 
aligned carbon molecular chains in the direction of the extrusion. This suggests that 
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extrusion from melt stretched the carbon molecular chains in the extrusion direction. 
The hot-compression followed improved the alignment because the crystallites grew 
along the pre-orientation during the quick heat treatment and the compression flattened 
the crystallites which were pointing up or down into the plane of extrusion. The 
Herman’s factor of the extruded film collected in the air and hot-compressed at 120℃ is 
0.84 (maximum is 1.0). This film also had a remnant polarization as high as 0.9C/m
2
 
(the spontaneous polarization of P(VDF/TrFE) 77/23mol% is calculated as 0.1131C/m
2 
[4]
).  
8.2.3 Domain patterns in the random-oriented P(VDF/TrFE) 68/32mol% 
The ferroelectric switching is dominated by the 180° domains near the coercive 
field in the P(VDF/TrFE) 68/32mol%. The strain produced by the shear is 0.52 in the 
orthorhombic structure, which is much greater than the experimentally measured strain 
of 0.11. The ratio between the strain and the polarization suggested that the contribution 
from the non-180° domains was small (~0.01), thus the ferroelectric switching was 
mostly contributed to by the 180° domains. 
8.2.4 Thermal activation energy and energy barrier of the ferroelectric switching 
in the randomly-oriented P(VDF/TrFE) 68/32mol% 
The thermal activation energy have a greater proportion than the work done by 
electric field in contribution of the activation energy of the randomly-oriented 
P(VDF/TrFE).This explains why the saturated polarization of the films increased 
slightly with  increasing temperature in the ferroelectric polarization measurements. 
This suggests that the dipoles are more active at a higher temperature before the sample 
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reaches its Curie point. The energy barrier of the P(VDF/TrFE) is higher  (0.28eV) at 
lower frequencies between 5Hz to 20Hz than the at higher frequencies between 20Hz to 
100Hz (0.12eV). The activation volumes of P(VDF/TrFE) is also larger (about 4nm
3
 to 
5nm
3
) at lower frequencies between 5Hz to 20Hz than at higher frequencies between 
20Hz to 100Hz (about 1nm
3
 to 2nm
3
). This suggests that there are different switching 
mechanisms at low frequencies and high frequencies. . 
8.2.5 Mechanisms of the rate of change of the polarization under constant electric 
field 
The internal field generated by the polarization state had a linear relationship with 
the polarization state under constant electric field. The internal field generated per 
polarization state is higher under the constant electric field between 80 to 112kV/mm 
than that between 16 to 64kV/mm. 
The maximum rate of change of the polarization was observed at the constant 
electric field of 56kV/mm, which was close to the coercive field at 57.9kV/mm of the 
sample.  
The rate of change of the polarization was dominated by the hardening mechanism 
(increasing internal field produced by an increasing polarization) when the applied 
constant electric field was between 16kV/mm and 64kV/mm. The rate of change of the 
polarization was affected by both the exhaustion mechanism (exhaustion of the potential 
nucleation sites) and the hardening mechanism when the applied constant electric field 
was between 80 to 112kV/mm. The internal field was still increasing in a linear 
relationship with the polarization state when the applied constant electric field was 
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between 80 to 112kV/mm. The polarization state in this range saturated due to the 
presence of the exhaustion mechanism. 
 
8.3 Future work 
8.3.1 Solid-state-drawing of the extruded films near 135℃ 
There is a decrease of the average lamella thickness of the extruded films that were 
hot-compressed at 135℃ and it was caused by the softening and melting at the edge of 
the lamella
[5]
. This suggests that there may be gauche conformation produced at this 
temperature. Because the carbon molecular chains in the gauche conformation are easier 
to move than that in the all-trans conformation
[5-7]
, it may be possible that the extruded 
films can be solid-state drawn at 135℃. This may produce even higher alignment in the 
molecular chains in the extruded film which may result in higher ferroelectric 
polarization. In order to do so, an oven that can control precisely a temperature of 
135℃±2℃ is needed.  
8.3.2 The switching behaviour in the highly oriented P(VDF/TrFE) film 
The switching mechanism was investigated for the randomly orientated 
P(VDF/TrFE) 68/32mol% film. It would be interesting to apply the same model on the 
highly oriented P(VDF/TrFE) film to study what alignment in the carbon molecular 
chains can change in the ferroelectric switching behaviour. The extruded film collected 
in air and hot-compressed at 140℃ (77/23mol%) is highly oriented with a Herman’s 
factor of 0.80 and is suitable for this measurement.   
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8.3.3 The mechanisms of the two slopes of Ec/lnj under different loading rate of 
the continuously changing applied electric fields in the switching dynamics 
There were two slopes of Ec/lnj in the switching dynamics which were in the lower 
frequency range between 5 to 20Hz and higher frequency range between 20to 100Hz. 
This suggests that there may be different switching mechanisms at these two frequency 
ranges, such as in the nucleation mechanism or the domain wall geometry
[8]
. A possible 
method to testify the assumption is to pole the sample first, then measure the dielectric 
constant of the poled sample between 5Hz and 100Hz at fixed temperatures, i.e. room 
temperature, to see if there is any change in the dielectric constant. If there is, is it 
frequency dependent? In order to do so, a precise impedance analyser between 5Hz and 
100Hz and a hot stage is need.  
8.3.4 The change in the switching field in the conditioning loop before the 
application of the constant creep electric field 
There was a change in the positive/negative switching fields in the 2
nd
 conditioning 
loops before the constant creep electric field. The positive switching field when the 
constant creep field was 56kV/mm, which was near the coercive field (57.9kV/mm), 
became lower in its absolute value (Figure 8. 1) and the negative switching field became 
higher in its absolute value (Figure 8. 2). There are two switching fields when the creep 
field reached 53.2kV/mm (Arrows in Figure 8. 1). The difference between the two 
switching fields at the creep field of 53.2kV/mm was about 14.6kV/mm, which was 
very close to the internal field of 14.4kV/mm estimated at this creep field of 
53.2kV/mm from partial unloading tests. If the conditioning electric field started from 
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the negative field, the positive switching field became higher in its absolute value and 
the negative switching field became lower in its absolute value. This is just opposite to 
what happened when the conditioning electric field started from the positive field. The 
change in the switching field was usually caused by defect pinning, phase change or 
internal field bias. It would be interesting to understand the cause of this change in the 
switching field. In order to obtain the saturated sample, 5 conditioning loops should be 
run before the constant creep field. The conditioning loops can be applied at different 
frequencies. It then can be determined that if the change in the switching field was 
applied field dependent, or frequency dependent. 
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Figure 8. 1 I-E plots from the 2
nd
 conditioning loops at different creep fields showed that the positive 
switching field changed to a lower absolute value.  
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Figure 8. 2 I-E plots from the 2nd conditioning loops at different creep fields showed that the 
negative switching field changed to a higher absolute value. 
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APPENDIX A  Change of the polarization and strain 
 in the pseudo-hexagonal unit cells 
 
The pseudo-hexagonal structure was calculated to be possible in the β phase of the 
PVDF because there is only 1% difference in the lattice parameters
[1]
. The structure and 
lattice parameters of β-PVDF is very close to the P(VDF/TrFE), so it is reasonable to 
view the P(VDF/TrFE) unit cell as a pseudo-hexagonal structure apart from its 
orthorhombic structure. In this case, the twinning structure in the P(VDF/TrFE) can be 
formed by the motion of the dipole in the pseudo-hexagonal unit cell (red dot at position 
C in Figure A. 1) at a small distance (position C to dipole in position B in Figure A. 1) 
instead of the one in the orthorhombic structure which requires a long distance (dipole 
at position A to B in Figure A. 1). The orthorhombic structure in Figure A. 1 has four 
unit cells inside and there are two dipoles in each orthorhombic unit cell. The 
polarization direction changes from P1’ to P2’ and P1” to P2” when the electric field is 
pointing up, and P2’ to P1’ and P2” to P1” when the electric field is pointing down. The 
strain can be calculated by using the parameters of a=0.9081nm, b=0.51296nm, 
P0=0.1041C/m
2
 and θ=121.08°.  
The dipoles at position B is  2 90 0.5296h b sin nm    . 
And the dipoles at position C is 0.51296b nm . 
The maximum longitudinal strain in the direction of the electric field can be 
expressed as 
2 ) (2 ) 0.5296-0.51296
= =0.01622
2 1.02592
b h h b b b
b b b

    

 
（
. This is close 
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to the change of the strain generated at room temperature (20℃) and 10Hz, as 0.01198. 
The maximum effective change in the polarization in the direction of the electric field 
in the twin structure can be expressed as   20 0 90 0.05036 /P P P sin C m       . 
The maximum change of the polarization in the 180° domains is 2P0=0.2082C/m
2
. 
Applying the effective rate of the change of the strain and polarization at the positive 
coercive field at 20℃, 10Hz as 110.50e s  and 299.8 / ( )j C m s  , the proportion of 
the change of the polarization contributed from the non-180° domains is 
/
0.33
/
e j
P


 
The maximum polarization produced at 20℃, 10Hz were 0.076C/m2 and -0.076C/m2 
respectively, so the effective 180° domains involved can be calculated as 
 max 180
180
0.076 0.076 0.05036*32.67%
= 0.65
0.2082
nonP P
P

  


 . 
The total effective domains are: 33%+65%=98%. The result is close to 100%. 
Because the domains may not all align in the direction as shown in Figure A. 1. in the 
reality, this may result in that not all of the domains produced the maximum possible 
change of the polarization. So the calculated percentage of the domains involved in an 
ideal situation is slightly lower than 100%. In the pseudo-hexagonal structure, the 
non-180° domains contributed about 1/3 to the total polarization. The switching angle of 
the non-180° domains is 58.92°, which is close to the 60° domains calculated by 
Dvey-Aharon
[1]
. 
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Figure A. 1 The pseudo-hexagonal structure of the P(VDF/TrFE) forming a twin structure. The red 
dot indicates where the original dipole in the middle (position C) should be (too close to position B). 
The plot is viewed from the c axis. 
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